BEST  AVAILABLE  COPY 


PcD^eed’  K  3  of  ihf  1  9c 


Accel  ercifD 
Cc»nf6  rer  ( € 


Vcdume  of  5 


i  ag3S  :  24;<  ?39  3 


IEEE 


jWrirm 

P|]t0fcal 


Proceedings 
of  the 
1993 

Particle  Accelerator 
Conference 


Volume  5  of  5 

Pages  321»-3933 


Acc*^  ion  For 

NTIS  CRA&I 
DTIC  1AB 
Unannounced 
Jiisti/icatron 


By . . . . 

Distribution  / 


Avaiiabitity  Cooes 

Avaii  anc/or 
Special 


Platers  firom  the  biennial  Particle  Accelerator  Canfermoe,  an  international  forum  on 

accelraator  scimice  and  tec^logy  held  May  17-20, 1993,  in  Washington,  D.C.,  organized  by 
the  Contimioiis  Bectron  Beam  Aoodontor  Facility  (CEBAP),  jointly  spoasoted  by  the  Institute 
of  Electrical  and  Etoctrcmics  Engineais  Nuclear  and  Plasma  Sciences  Society  and  the  Amoican 
Pltys^  Society  Division  of  raysics  of  Beams,  and  conducted  with  suppcurt  from  the  U.S. 
Dqpartment  df  Energy,  die  Natimud  Sdoice  Foundation,  and  the  Office  of  Naval  Research. 


94 


10 


19i9]Eronviide  Aceetaritor  CoBfercacc 


AbatTKiQg  is  penniited  with  oedU  to  the  90im».  Ulxaiies  «  pennined  to  photocopy  beyond  the  limits  of  UJ.  Oopy- 
ligltt  taw  for  privtte  use  (rf  patnms  dnse  artides  in  diis  vohiiiie  that  cny  a  code  the  bottom  of  the  fifst  page.  proviM 
die  peroopy  fee  indtesaed  in  die  code  is  paid  duoogh  the  Copyri^  Cleatanoe  Center,  27  Congiess  Street,  Satam.  MA 
01970.  For  other  copying,  iqaint.  or  iqaddkationspemiissiQn.  write  to  the  IEEE  Copyri^Mnager.  IEEE  Service 
Getter,  445  Hoes  Lane,  P.O.  Box  1331,  Piscataway.NJ  08855-1331.  AO  rights  leservecLIYhiied  in  the  USA.  Copyright 
01993  by  The  InstitBterfEleclrical  and  Electronics  Engineers,  Inc. 


IEEE  Cttalog  Number  93CH3279-7 
Lflaanr  of  Congress  Number  88-647453 

Additional  copies  of  this  publication  are  avaOaMe  from 

ISBN  Sofibound:  0-7803-1203-1 
Casebound:  0-7803-1204-x 
Mtctoficbe:  0-7803-1205-8 

IEEE  Service  Center 
445  HoesLane 
Piscai8way,N7  08854-4150 


(£kt 

Amaiam 

P|Q0lC2tl 


1993  Particle  Accelerator  Conference*  WadungtOQt  D.C.,  17-20  May 


CMitrMMa  ChatnMB 
CMMOfli  LaMMBB.  CXIAF 
AMk  S^tn,  EmoMlvt  Awiitit 
TilTffcnn-  (t04)  H9-15T5 
Ewil:  •idl^eeabaf.gov 
Fn:  (t04)  249-SQ24 

Orgaaistec  CaaialttM 

U.Aam,SLAC 

w.mtamt.uiiL 

K.»«dam.lBL 

D.9tdv,/iFS 

I.  ffif-r —  CEBAF 

JLMg^SSCL 

Y.  CkK  AHL 

I.CoMMa.^M 

M  naifctrrrtr  H  ifr^ 

W.K.  Daman.  21IOMF 

5.liihBM.WML - 

S.  EMkf  ,BNL 

C  latii— .  ONK 
S.VUkm,iANL 
D.SMm;IN« 

U.Hpm,  ConmU 
W.T.W«g,lML 


Fmgwi  C— Mt— 
J.Bhe|»mB.CMr.CEIAF 
f - (MM)  a4»-7S21 

a  Edw«M.  Difaqr  Chiir.  FMAL 


X8-liay>94 

Z  6r  2. 


DEFENSE  TECHNICyu:.  ZNFQRIATION  CENTER 
BUILDING  5,  CAHERON  STATION 
ALEXANDRIA,  VA  22304-6145 

REF. :  GRANT  NO.  N00014-93-1-0623 

D«ar  Sir  or  Kadaa: 

Enclosed  please  find  two  (2)  copies  of  the 
Proceedii^  of  the  1993  Vartiele  Accelerator 
Conference  (PAC93)*  The  gbove-referenced  $15,000 
grant  froM  the  Office  of  IKwal  Resear^  helped 

fund  the  cost  of  publisliiaM  tiie  ProoesdiMa^ _ 

enabling  us  to  Iceep  the  registration  fiMto  a 
sinisuB. 

On  behalf  of  the  conference  organisers  and  the 
sore  than  1300  participants,  thank  you  for 
supporting  PAC93. 


TflifhOM:  (MM)  249*7642 
EsiiiD:  ImHwaeMbafgov 


cc:  D.  Galicki,  IEEE 


CMimwM*  Bdttor 
sew  T.  Ctnrnmm,  CEBAF 
Tdiphom:  (MM)  249*7St2 
EhmB:  eaiMlimMiieMbaf.gov 


B4U«rl«l  Asetetoat 
LiadaCailioa 

XalafbeoK  (904)  249*7690 


1 


Fn:  (MM)  249^9024 


cA>CEBAF.MS12-Al.  i: 


JeOBaoa  Avcwm,  HsvpoitNMm.  VA  23006-19()9 


FiTe-Volume  Contents 


Eadi  volume  begins  with  this  five-vohtme  taUe  of  cmueats  and  ends 
with  die  five-v(dnme  audtor  index.  The  cludnnen's  foiewoid  and  a  list 
of  coofeimice  ocganizen  and  staff  i^pear  as  firont  matter  in  Vohime  1. 
AHstofcoofaMioeoattiieiiiantttKecedesdieaiidiorindexinVolnmeS. 


Volume  1 


Openblg  Hoiary  Chair:  J.  Bisognano 

HERA  Opnadons  and  Riysics  —  B.  H.  Wiik,  U.  Hamburg  and  DESY. . .  1 

Sii^le-lMide  Beam  Dynamics  Chair:  w.  Weng 

Ndidiaear  Beam  Dynamics  Ejqierinients  at  the  lUCF  Cooler  Ring  (Invited  Paper) — S.Y.Lee. 

Indiana  University  .  6 

The  Presctvatkm  of  Low  Emittance  Flat  Beams  (7«vt«edP<ygr) — T.  O.  Ranbenheimer,  SLAC  .  11 

Lm^-Term  Stability  Studies  for  CERN-LHC  (Invited  Paper)  —  W.  Scandale,  CEBN  .  16 

Rmittance  Oiowdi  in  a  Low  Eneigy  Proton  Beam  (Invited  Paper)  —  J.  A.  Palkovic,  SSCL  .  21 

Protim  Extraction  from  die  CERN-SPS  by  a  Bent  Ctystal  —  S.  Weisi  and  die  RD22  Coikdtoration;  CERN  .... _  26 

LoogHudinal  Traddng  with  Phase  and  Aiqditude  Modulated  RF — D.D.  Coms;^,  M.  Bail,  B.  BnAson,  J.  Budnick, 

J.  CoUins.V.  Derenchuk,  G.  East,  M.  Ellison,  T.  Ellison,  D.  FrieseU  B.  Hamilton,  H.  Huang, 

W.  P.  Jones,  S.  Y.  Lee,  D.  Li,  S.  Nagaitsev,  X.  Pei,  T.  Sloan,  Y.  Wang,  lUCF;  A.  W.  Chao,  S.  Dutt, 

M.  Syphers,  Y.  T.  Yon,  P.  L.  Zhang,  SSCL:  M.  G.  Minty,  SLAC;  K.  Y.  Ng,  FNAL . 29 

Measutement  of  ^rin  Motions  in  a  Storage  Ring  Outside  die  Stable  Polarixatioo  Dhectimi  — N,  AJuhurin,  A.  Bravar, 

J.  McPherson,  F.  Olchowdd,  Y.  Onel,  U.  Iowa;  L  Badano,  M.  Conte,  INFN  Genova:  A.  Pemo,  INiht  Trieste: 

J.  Hall,  V.  New  Mexico:  A,  Pisent,  INFNLeffiaro:  M.  Pusterla,  INFN  Padova:  T.  Rinckel,  Indiana  U.: 

R.  Rosmanidi,  CEfiAF;  H.  Kreiser,  U.  Hmiburg  .  32 

A  Ckm  Way  to  Mesouro  Nor^dnear  Momoitum  Conqiaction  Factor  ai  — /.  P.  Shan,  /.  Kourbanis,  D.  McGinnis, 

K.  Y.  Ng,  S  Peggs,  FNAL  . . .  35 

Long>Tetm  Traddng  widi  S^mplectic  Inqilidt  One-Tum  M^  —  T.  T.  Yon,  M.  Li,  M.  J.  Syphers,  SSCL: 

P.  J.  Channell,  LANL  .  38 

Injection  Mediod  Using  die  ntird  Older  Resonance  at  TARN  n  —  M.Tonuvrwa,  Y.  Arakaki,K.  Chida, 

£  Watanabe,  T.  Watanabe,  T.  Katayama,  M.  Yoshisawa,  INS  Tokyo:  A.  Noda,  Kyoto  U.  .  41 

Effects  of  Tidal  Forces  on  die  Beam  Eongy  inLEP — L  Amaudon,F.  Bordry,W.  Coosemans,B.  Dehning, 

K.  Henrichsen.  A.  Hofinann,  R.  Jacobsen,  J.  P.  Koutchouk,  L.  Lawson-Chroco,  M.  Mayoud,  J.  Miles, 

R.  Olsen,  M.  PlacuU,  G.  Ramseier,  R.  Schmidt,  J.  Wenninger,  CERN:  A.  Bkmdel,  Ec.  Polytech.  Paris: 

R.  Assmann,  MPI  Munich:  G.  E.  Fischer,  C,  Pan,  SLAC:  R.  Olivier,  Lausanne  U.  .  44 

Poster  presaiuakms: 

The  ^jtpearance  of  Beam  Lines  —  D.  C.  Carey,  FNAL  .  47 

Mnlttyoie  Channel  Parameters  for  Equalization  of  Beam  Interoity  Distribution  —  Y.  K.  Batygin,  MEPI  .  SO 

Single  Beam  Effects  Due  to  Brrors  in  Crab  Conqte»ation — D.  Sagan,  Cornell  .  S3 

La^ce  Design  of  die  LANL  Spallation-Soorce  Ctmqnessmr  Ring  —  B.  Blind,  A.  J.  Jason,  F.  Neri,  LANL  .  S6 

Optics  Sitmdmioos  of  die  S  MeV  NPBSE  FOX  Telescope  —  M.  F.  Reusch,  D.  L  Bruhwiler,  Grumman  Carp.  .  S9 

Longitudinal  Kinetic  Energy  Spread  from  Focusing  in  Charged  Particle  Beams — N.  Brown,  M.  Reiser,  D.  Kehne, 

D.  X.  Wang,  J.  G.  Wang,  U.  Maryland  .  62 

Numerical  Slid  Bxpetininmd  Studies  Halo  Formation  Due  to  Mismatch  in  a  Space-Chaige-Dominated  Electron 

Bemn — D.  Kehne,  M.  Reiser,  V.  Maryland:  H.  Rudd .  6S 

Siqiiprassioii  of  die  Main  LEP  Coupling  Sounx — J.  Billon,  J.-P.  Gourber,  J.-P.  Koutchouk,  V.  Remondino, 

CERN  .  68 

^i|dicationsof  Matrix  Optics  to  Acceptance  Studies  in  LoW'Beta  Ion  Linacs — K.Joh,J.A.Nolen,ANL  .  71 

AmktyticitEvafaiationtrf  ^Second  Older  Momentum  Cmnpaction  Factor  and  Contyariaonwidi  MAD  Results  — 

J.  P.  Shan,  £  G.  Peggs,  S.  A.  Bogacz,  FNAL  .  74 

Chromaticity  Compensation  Sdieme  for  die  Main  Lp^ctor —  5.  A.  Bogacz,  FNAL  .  T7 


Ac  I993PartideAKekralor  Conference 


AccrtwcXir  ngrtics  Aoalysk  widi  Interactive  Toc^  —  J.  A.  HoU,  L.  Miehtlotti,  FNAL  .  80 

The  SQMeV  Beam  Teat  FadBty  at  UO^ —  W.  Lmhuuu,  G.  Btkrsieg,  Jt-J.  Kbn,  J.  Krupnidc,  C.  ManA, 

P.  Selph,  S.  CkatupaAyay,  UtL  .  83 

&wwla4i»  Bide  Base  fbr  die  Beam  Optka  Program  IBACE  3-D — G.  H.  GUkspie,  P.  K.  Van  Straagen, 

B.  W.  mu,  G.  H.  GUkspie  Assoc.  .  86 

BearnDyaaoiicaSmtieaofFon^OvLxm-BetaSqierooiiduetiiigResonaton — J.  A.  Sokn,  K.  J<A,  ANL  .  89 

TIriid'Oidar  Cooectkma  to  dm  SLC  Fiud  Focus — N.  J.  Walker,  R.  Helm,  J.  Irwin,  M.  Woo<ttey,  SLAC  .  92 

OlobalT^ii^KiiohsfivdmSLCFiiiailkicas—M/.  Walter. /./rwOi^  .  95 

Sigtea  Matrix  ReoOBStractkm  in  die  SLC  Final  Fbcus  —  P.  Raimondi,  P.  J.  Emma,  N.  Toge,  N.  J.  WaUcer, 

V.  Zkmann,  SLAC  . . .  98 

Beam  Baaed  ABfDnmt  of  die  SLC  I^ial  Focus  Supeicanductiiig  Final  Tlr^lets — P.  Raimondi,  P.  J.  Emma, 

N.  Tote.  N.  J.  WaUcer,  V.  Zkmann,  SLAC  .  100 

A  Design  of  a  Quasi-Isochronous  Stonge  Ring  —  5.  Y.  Lee,  Indiana  U.;  K.  Y.  Ng,  FNAL;  D.  Trbojevic,  BNL  .  102 

Opdmizatkm  Mediod  for  Oiiiit  CoRectkm  in  Acceleraton  —  E.  Bozoki,  A.  Fridman,  BNL  .  105 

A  Fast  Model-Calftntion  Frooedure  for  Stonge  Rings  —  W.  J.  Corbett,  M.  J.  Lee,  V.  Zkmann,  SLAC  .  108 

Dynamic  Accelerator  Modeliiig  —  H.  Nishimura,  LBL  .  Ill 

Procedure  for  Determining  Quadrupole  and  BPM  CMEiet  Values  in  Stonge  Rmgs — IP.  J.  Corbett,  V.  Ziemann, 

SLAC  .  114 

Beam  Based  Alignment  of  die  SLC  Final  Focus  Sextupoles  —  P.  Emma,  J.  Irwin,  N.  Phinney,  P.  Raimondi, 

N.  Toge,  N.  J.  Walker,V.  Ziemann,  SLAC  .  116 

AnalysisofHiiherOiderOplical  Aberratkms  in  die  SLC  Final  Focus  Using  Lie  Algebra  Tedmiques — N.J.  Walker, 

J.  Irwin,  M.  Woodley,  SLAC  .  119 

Simulatkm  Si^pott  for  Commisskoing  and  Operating  die  SSC  Linac  —  F.  W.  Guy,  J.  W.  Hurd,  C.  R.  Chang, 

D.  Raparia,  C.  Y.  Yao,  SSCL  .  122 

Tbe  Proviskm  of  IP  Crossing  At^^les  fbr  die  SSC  —  Y.  Nosochkov,  SSCL;  D.  At.  Ritsen,  SLAC  .  125 

Inaetactive  Simulatioo  of  LEB  Commissioning  Procedure  on  a  Hypocube  PueDel  Con^ter — G.  Bourianaff, 

M,  BoUo,  B.  Cok,  S.  Hunt,  N.  Malltsky,  A.  Romero,  SSCL  .  128 

LocalisBd  ChnniuCicity  Coirectkm  of  Low-Beta  Iiiseftiaiis  in  Storage  Rings — Af.  Donald,  R.  Helm,  J.  Irwin, 

H.  Moshammer,  SLAC;  E.  Forest,  D.  Robin,  A.  Zhoknts,  LBL;  M.  SulUvan,  U.  Co.,  SLAC  .  131 

An^Iitude  Fbnction  Mismatch  —  M.  J.  Syphers,  T.  Sen,  SSCL;  D.  A.  Edwards,  DESYlFermOab  .  134 

SSC  Collider  Arc  Lattice  —  M.  J.  Syphers,  E.  D.  Courant,  A.  A.  Garren,  S.  K.  Kaiffmann,  T,  Sen,  SSCL  .  137 

Second  Order  Cbramaticiiy  of  die  Interaction  Regions  in  die  Collider —  T.  Sen,  M.  J.  Syphers,  SSCL  .  140 

Chromaticity  Correction  for  die  SSC  Collider  Rings —  T.  Sen,  Y.  Nosochkov,  F.  Pilot,  R.  SlUming,  SSCL; 

D.  M.  Ritson,  SLAC  .  143 

Effect  Power  &qiply  Ripple  on  Emittance  (bowth  in  the  Cdlider —  T.  Sen,  M.  J.  Sj^thers,  SSCL  .  146 

The  QBA  Critics  for  die  3.2  QeV  Syndirotron  light  Source  ROSY  n — D,  Einfsld,  Res.  Ctr.  Rossendorf; 

M.  Pksko,  Sncrotrone  Trieste  .  149 

Dynamic  Aperture  of  die  2.5  Oe V  Syndnotron  Radiation  Source  LISA — D.  Ebfdd,  Fachhodischuk  Osftiesland; 

D.  Husmann,  U.  Bern;  M.  Pksko,  Sincrotrone  Trieste  .  152 

Four-Cell  lUrd-Orto  Aduoinats  and  Tbeff  ^ifdication  to  Multi-Pass  Thne-of-FUght  Spectrometets  —  IP.  IPon, 

M.  Ben.  MSU-NSCL  .  155 

An  Automatic  Finder  of  Field  Defects  in  a  Lage  A.G.  Machine — A.  Verdier,  J.  Chappelier,  CERN  .  158 

Automatic  md  Biqieit  Sydems  for  Orbit  Analysis  —  A.  Verdier,  J.  Chappelier,  CERN  .  161 

Synqdecdc  Scaling,  a  DA  Based  Tool  —  G.  H.  HojJsNttter,  M.  Berz,  NSCL-MSV  .  164 

l4w  Features  in  DIMAD  — R.  V.  Servranckx,  TRIUMF  .  167 

A  First  Order  Matdied  Transitian  lunqi  at  RHIC  —  S.  Peggs,  S.  Tqfikian,  D.Trbojevic,  BNL  .  168 

ComiMriaao  trfApertnreDeterminatians  on  RHIC  for  Single  Particles  Ttached  10^  Thins  and  100  Particles,  Having 

Randomly  Generated  Initial  Coordinates,  Tracked  for  1000  Turns  —  G.  F.  DeU,  BNL  .  171 

Status  of  die  Varidile  Momentum  Conyaction  Storage  Ring  Experimmit  in  SPEAR — P.  Tran,  A .  Amiry, 

C.  PeUegrini,  UCLA;  J.  Corbett,  M.  ComaccMa,  M.  Ue,  H.-D.  Nuhn,  H.  Winick,  D.  Wu,  SLAC; 

A.  Hcfinann,  CERN;  D.  Robin,  LBL  .  173 

SSC  High  Eneiiy  Booster  RekmanoeConrector  and  Dynamic  IhneScanniiig  Simulation  — P.  Zhang,  S.  Machida, 

SSCL  .  176 

Tcnqioft  Properties  d  the  CEBAF  Cavity  —  Z  Li,  ColL  of  William  A  MarylCEBAF;  J.  J.  Bisognano, 

B.  C.  Yuan,  CEBAF  .  179 


k0glm  wM  ee$  fitt-vebmi  tf 


Mil  iHMi  Af  Hhf 

Mrf  #  OTf  ^  CMAMnCf  0fMlllCCFf  Wtti 

Wemt  m  pan  mmur  bt  Vatmim  I .  X  Sm  tf  empmmet 
fmOOftmt  tttttSn  Sm  tukar  laStx  ttVaUmu  5. 


Five-Volume  Contents 


Cnobil  CoBgHng  wad  DeoNqdiiif  d  die  APS  Stontge  Ring  —  Y.  C.  Chae,  J.  Uu,  L  C.  Teng,  ANL  .  1S2 

Conveatioaal  ynac  Protection  —  J.  Irwin,  R.  Helm,  W.  R.  Nebon,  D.  Wok.  SLAC  .  ISS 

Meaeurement  of  Bete-FtiactionttidFliaee  Using  the  Reqxnse  Matrix — Y.  Chmg,  G.  Dedter,  K.  Evans.  Jr.,  AHL  .  IM 

MATCH  1.0:  The  Pragrun  for  Analytkal  Matdiing  of  Imotioo  —  I.  P.  Yudin,  JINR  Moscow  .  191 

The  ^pidieatioo  Package  DeCA  for  Calculating  Cyclic  Accelerators — P.  /.  GlatOdlA,  A.  Yu.  Zelinsky, 

M.  A.  S^elkov,  Kharkov  Inst.  .  194 

^K)  Effect  in  Acceletalocs  —  G.  V.  Smpakov,  S.  K.  Kauffinann,  SSCL  .  197 

Thne  adft  Effect  Due  to  (he  Sextiyole  Longitudinal  Periodic  Stnictute  in  the 

Siqierconducting  Dipole  Magnets  —  G.  Ldpez,  S.  Chen,  SXL  .  200 

Decoiqpling  Schemes  to  die  SSC  Cdlider  —  Y,  Cat,  G.  Bourlancff,  B.  Cole,  R.  Meinke,  J.  Peterson,  F.  Pilot, 

S.  Suan/dte,  M.  Syphers,  R.  Talman,  SSCL  . . .  203 

Matrix  Nonlinear  Beam  Dynamics  in  Curvilinear  Space-Time — A.  Dymnikov,  U.  St.  Petersburg;  R.  Hellborg, 

U.  Lund  .  206 

A  Numerical  Check  of  die  Thermal  Wave-Model  to  Particle-Beam  Dynamics — R.  Fedele,  G.  Miele, 

U.  NapoiU;  F.  Galluccio,  INFN  Napoli  .  209 

Longitudinal  Dynamics  to  Elections  in  to  Thermal  Wave  Mottel  for  Charged  Particle  Beams — R.  Fedele.  G.  Miele, 

U.  NapoWINFN  NapoB;  L  Palumbo,  V.  RomaUNFN-LNF .  212 

Eiqperiniental  Measurement  d  Dynamic  Aperture  at  to  Photon  Factmry  Storage  Ring  —  Y.  Kobayashi,  T.  Mitsuhashi, 

A.  Ueda,  KEK;  T.  Yamakawa,  Tduku  U.  .  21S 

Lattfoe  and  Dynamic  Apertsat  of  to  Duke  FEL  Stmage  Ring  —  Y.  Wu,  V.  N.  Litvinenko,  J.  M.  J.  Madey,  Duke  ...  218 

Synchiobetation  Coupling  Effects  in  Alternating  Phase  Focusing  —  W.  Cheng.  R.  L.  Gluckstem,  H.  Okamoto, 

U.  Maryland  .  221 

E)y)eiimental  DeterminatkHi  of  a  Betatron  Difference  Resrmance  —  M.  ElUson,  M.  Ball,  B.  Brabson,  J.  Budnidt, 

D.  D.  Caussyn,  J.  CoUins,  V.  Derenchuk,  G.  East,  T.  Ellison,  D.  Friesel,  B.  Hamilton,  H.  Huang, 

W.  P.  Jones,  S.  Y.  Lee.  D.  Li,  S.  Nagaiteev,  T.  Sloan,  Y.  Wang,  lUCF;  A.  W.  Chao,  S.  Dutt,  M.  Syphers. 

Y.  T.  Yan,  P.  L.  Zhang,  SSCL;  M.  Minty.  SLAC;  K.  Y.  Ng.  FNAL;  L.  Teng,  ANL;  X.  Pei,  BNL .  224 

Erqierimental  Results  of  to  Betatron  Sum  Resonimoe  —  Y.  Wang,  M.  Ball,  B.  Brabson,  J.  Budnick,  D.  D,  Caussyn, 

J.  Collins,  V.  Derenchuk,  G.  East,  M.  ElUson,  D.  Friesel,  B.  Hamilton,  H.  Huai^,  S.  Y.  Lee, 

W.  P.  Jones.  D.  Li,  S.  Nagaitsev,  T.  Sloan,  lUCF;  A.  W.  Chao,  S.  Dutt,  M.  Syphers,  Y.  T.  Yan, 

P.  L.  Zhang.  SSCL;  K.  Y.  Ng,  FNAL;  M.  Minty,  SLAC ;  X.  Pei,  BNL .  227 

Qnomaticity  Ccmi^nsation  and  Dyna^  ^lertuie  Limititoim  of  SIBERIA-2  —  V.  Kordmganov,  E.  Levichev, 

V. Sajaev.BINP  .  230 

RF  Voltage  Modulation  at  Discrete  Frequencies,  for  ^)pUcati<»  to  Protoo  Extraction  Using  Crystal  Channeling  — 

W.  E.  Gabella,  J.  Rosenzweig.  UCLA;  R.  Kick,  IMSA;  S.  Peggs,  BNL  . .  233 

Modification  of  to  Short  Straight  Sections  of  to  Hi^  Energy  Boostm’  of  to  SSC  —  M.  U.  D.  Johnson.  P:  Kocur, 

R.  Schailey,  R.  Servranckx,  R.  Talman,  Y.  Yan,  R.  York,  V.  Yarba,  SSCL  .  236 

Dynamic  Aperture  of  to  ChiomaticaUy  Corrected  Collido:  Lattice  —  F.  Pilot,  Y.  Nosochkov,  T.  Sen,  R.  Stiening, 

SSCL  .  239 

An  Optimized  Formulation  for  Dqnit-Type  Lie  Transformations  of  Taylor  Mqis  for  Synqilectic  Systems — J.  Shi, 

U.  Houston;  Y.  T.  Yan.  SSCL  .  242 

Synunetik:  Integtable-Polynomial  Factorization  for  Synqilectic  One-Tum-Mq;>  Tracking — J.  Shi,  U.  Houston; 

Y.  T.  Yan.  SSCL  . 243 

Recent  Results  to  Dynamic  ^lerliiie  Erqieiiment  at  to  SPS  —  W.  Fisdter,  J.  Gareyte,  M.  Giovannozzt, 

T.  Risselada,  W.  ScandaU,  F.  Schmidt.  CEXN  .  246 

Hitler  Chder  Time  Derivatives  Due  to  Low-BInsertk«s — A.Verdier.CERN .  249 

A  Quaa-lsoduonous  Operation  Mode  for  to  LNLS  UVX  Stnage  Ring  —  L.  Lin,  C.  E.  T.  Gonpalves  da  Silva, 

UnicampILNLS  Brazil  .  2S2 

Tcadring  Studin  and  Madune  Performance  Simulation  of  to  SSC  Low  Energy  Boosto — X.  Wu,  R.  York, 

R.  Servranckx,  S.  Machida,  J.  F.  Knox-Seith,  U.  Wienands,  SSCL  .  255 

Magnetic  Correcdon  of  RHIC  Tiqilets — J.  Wei,  R.  Gupta,  S.  Peggs,  BNL  .  258 

Be^-Beam  Modulational  Diffhskm  itk2V2  IMmensirms  —  T.  Satogata,  S.  Peggs,  BNL  .  261 

Preparation  of  an  Experimait  to  Investigate  Nmdinear  Beam  Dynamics  at  to  Storage  Ring  DELTA — M,  Sdihrmann, 

U.  Dortmund  . 264 

Statistics  of  to  Half-hiteger  Stopband  —  5.  Dutt.  F.  Chautard,  R.  Gerig,  S.  Kauffman,  SSCL  .  267 

Stodiastic  Dynamics  for  Accelendois — A.  Pauluhn,  DESY  .  270 

Vetmml:  1-747 
Vobmti:  74»-l640 
VcUmtS;  1641-2545 
Vo(mw<-  2546-3216 
Vctmmt5:  3219-3933 


cftm  1993  Parade  A/xelmOw  Coiifennce 

DBBitkiit  Pheaomwa  in  Simple  Hmifltoirian  Syttemi;  Soii»  Analytical  Md  Numeric  — A.BaeuuU. 

S,  O.  TwrekaM,  U.  Botopuf,  M.  GUmumozzi,  CERN .  273 

rwidia  Aocdemtian  in  Extremely  StnmgElaottOiiiagD^  Wave  HeUa  — IT.  O.  TIUeiAdm,  (/.JTie/  .  276 

Inaw  Poweied  Beam  Qmditioner  for  Fiee  Election  Laien  and  Synduotroitt  —  H.  Uu,  G.  NeU,  CEBAF  .  279 

IVackfaig  Studies  (Kflnaertion  Device  Effects  on  I^namic  ^leitute  in  die  APS  Stoiage  Ring  —  Y.  Chae, 

U.  Housm:  E.  A.  Crosbie.  ANL  .  282 

Particle  Difftoskm  fenn  Resonance  Islands  in  Aladdin  at  SRC — J.  Uu,  E.  Crodrie,  L  Teng,  J.  Bridges,  D.  Ciarlette, 

R.  Kustom,  D.  Voss,  F.  MUb,  M.  B<»rUmd,  ANL;  K.  V.  Wise.  Madtson;  W.  Trzeckdc, 

SRC  Stoughton  .  28S 

Altemating-Phaae  Focusing  widi  Amplitude  Modulation — L  Sagahvsky,  J.  R.  Delayen,  ANL  .  288 

FuU-Tura  Synqtle^  Mi^  from  a  Gmierator  in  a  Fourier-Spline  Buis — J.  S.  Berg,  R.  L  Wamock,  R.  D.  RuA, 

SLAC;  i.  Forest.  LBL  .  291 

Syndnobetatnm  Resonances  Due  to  Crab  Cavities  —  S.  KurokoMo,  KEK;  D.  Pestrikov,  KEKJBINP  NovosUrirsk  ....  294 

Duid-CMer  Bending  Magnet  Optics  for  Cartesian  CootdinUM — V.V.  Andreev,  I.  P.  Yudin.  JDfR  Moscow  .  JSn 

Effects  tit  Plane  Unduktor  (Wiggler)  Fields  on  Beam  Dynamics  at  Large  Orbit  Distortioo — S.  Efimov,  E.  Bufyak, 

Kharkov  Inst.  .  300 

Bundbing  Prrqiaty  of  Hig|i  Current  Iiyectar  witb  SuMuumonic  Prebimdier  in  Lime  —  Z  Zhang,  Y.  Chen, 

ClAE  China  .  303 

Beam  Tran^xxt  Line  rtfCIAE  Medical  Cyclotran  and  Its  Magnetic  Ekments  Design  Studies — T.  Zhang.  C.Chu. 

M.  Fan,  CIAE  China  . 306 

Resonant  Beam  Extractum  widi  Constant  Sqiaratrix  —  K.  HiranuOo,  M.  Tadokoro,  J.  Hirota.  M.  NisU, 

Hitachi  Ltd.  .  309 

The  On-Lme  Control  Software  for  BEPC  Beam  Transport  Linu — X.  Zhmg,  K.  Wei,  C.  Zhang,  IHEP 

China . 312 

About  Extraction  ctf70-GeV  Protnis  by  a  Bent  Crystal  from  the  Accelerator  to  the  Proza  Setup  — 

A.  A.  Asseev,  A.  N.  VasiVev,  E.  A.  Ludmbsky,  V.  A.  Maisheev,  S.  B.  Nurushev,  Yu.  S.  Fedotov, 

IHEP  Russia .  315 

Increase  a  Bent  Crystal  Extraction  Efficimicy  by  Meau  of  Thin  Internal  Target — A.  A.  Asseev,  E.  A.  Myae, 

S. V.  Sokolov,  Yu.  S.  Fedotov,  IHEP  Russia .  318 

lafloeoce  of  Thin  Imeinal  Target  on  the  Bent  Crystal  Extraction  Efficiency  —  A.  A.  Asseev,  S.  V.  Sokolov, 

IHEP  Russia .  320 

Extraction  of  50  GeV  Ptotoas  from  IHEP  Accelerator  by  Bent  Crystal — A.  A.  Asseev,  V.  A.  Maisheev, 

E.  A.  Myae,  IHEP  Russia .  322 

On  Using  the  Thin  Target  at  Extraction  of  Protons  from  die  Accelerators  by  Bent  Crystal  —  A.  A.  Asseev, 

IHEP  Russia .  324 

A  Digital  Cmqwtu  Program  for  die  Simulatimi  of  Positive  ot  Negative  Particle  Beams  on  a  PC — J.E.  Boers, 

Thunderbird  Simulations  . 327 

Andiaroton  Extraction  in  die  Fennilab  Antiproton  Accumulator  —  M.  Church,  S.  O'Day,  FNAL  .  330 

Beam  Optics  of  LEB-MEB  Transfer  Line  for  Superconducting  Siqm-  Collider — N.  Mao,  J.  A.  McGill,  K.  L.  Brown, 

R.  E.  Gerig,  SSCL  .  333 

Acceleration  and  Bunching  ^  a  —  S.  Kulinskl,  INFN-LNF  .  336 

The  New  Slow  Extraction  System  cd  die  CERN  PS  —  Ch.  Steinbach,  H.  Stucki,  M.  Thivent,  CERN  .  339 

Simulation  of  Slow  Extraction  in  the  Main  Injectm  —  C.  5.  Mishra,  F.  A.  Harfbush,  J.  Johnstone,  FNAL  .  342 

Stability  of  Beam  in  die  Fennilab  Main  Injector —  C.  S.  Mishra,  F.  A.  Harfoush,  FNAL  .  345 

Correction  Schmnu  to  hnprove  die  Dyruunical  Aperture  of  the  Main  Injector —  C.  S.  Mishra,  F.  A.  Harfoush, 

FNAL  .  348 

Defining  die  Systematic  and  Random  Mult^le  Errors  for  Main  Injectm  Tracking  —  F.  A.  Harfoush,  B.  C.  Brown, 

H.  D.  Glass,  C.  S.  Mishra.  S.  Peggs,  FNAL .  351 

Eiqperimce  widi  die  New  Reverse  Injection  Scheme  in  die  Tevatron  —  5.  Saritepe.G.  Goderre,J.Annala.B.  Hanna, 

A.  Braun,  FNAL  .  354 

hgection  and  Extraction  Performance  at  die  SIS/ESR  Facility  —  H.  Ekkhoff,  K.  Blasche,  U.  BleU,  B.  Framke, 

J.  Pinkow,  GS  Darmstadt  .  357 

The  AOS-Booster  Conq;>lex  for  the  g-2  Etqperimmit  and  RHIC  Injection — M.  Tanaka,  Y.  Y.  Lee,  BNL  .  360 

First-Turn  Lossu  in  die  LAMPF  Proton  Storage  Ring  (PSR)  —  R.  Hutson,  R.  Macek,  LANL  .  363 


SmS  wbmm  hgUu  wU  ikb  fiot-vahm  MN*  coMnus 
mi  mm  »»U  jlyt-wihn  mOter  twtex.  TtmAOmaft 
/bifwpri  mid  mlbttf  tmlhrmc*  enmixm  mid  tug 
mfmr  mfmt  mam  U  Vtbmt  1.  A  Utt  if  tmfinne* 
pmUttromi  puudtt  dm  atdur  Met  UVobrnm  5. 


Five-Volume  Contents 


Stii^pper-FoU  Scan  Studies  oi  tbe  Rrat-Tum  Beam  Loss  Mediamsm  in  die  LAMPF  Proton  Storage  Ring  (PSR)  — 

X.  Hutson,  D.  Fitzgerald,  S.  Frankie,  R.  Macek,  M.  Plum,  C.  WiUdnson,  LANL  .  366 

Nfeasutement  of  Excited  States  Produced  by  Foil  Stripping  of  800-MeV  H*  loos — J.  Donahue.  D.  Clark, 

S.  Cohen,  D.  Fitzgerald.  S.  Frankie,  R.  Hutson,  R.  Macek,  E.  Mackerrow,  O.  van  Dyck,  C.  WUkinson. 

LANL;  H.  Bryant,  M.  Gidley,  M.  Halka,  P.  Keating,  W.  Miller,  U.  New  Mexico  .  369 

Reducing  Pbase-Dependent  Emittance  Growth  with  Local  ^ttopping  —  R.  E.  Laxdal,  T.  Kuo.  G.  H.  Mackenzie, 

L.  Root.  TRIUMF;  A.  Papash,  INR  Kiev  .  372 

An  Ion-Source  Model  for  First-Onto  Beam  Dynamic  Codes  —  C.  L  Fink.  B.  P.  Curry,  ANL  .  37S 

Lattice  Design  and  Injectkm  Issues  for  die  2  TeV  SSCL  High  Energy  Booster  to  Collider  Injectum  Lines — F.  Wang, 

R.  Schailey,  J.  McGill,  D.  Johnson.  SSCL;  K.  L.  Brown.  SLAC  .  378 

Detailed  Studies  (m  the  Beam  Ttansfn'  Line  from  Linac  to  Low  Energy  Booster  Synchrotron  for  the  SSC  — 

R.  Bhandari,  J.  McGiU,  F.  Wang,  S.  Penner,  SSCL  .  381 

^  GeV  Beam  Transfer  Lines  at  die  SSC  —  F.  G.  Mariam,  J.  McGill.  SSCL;  K.  Brown.  SLAC  .  384 

Effect  of  Betatnm  Motion  oa  the  Septum  Flux  in  Superslow  Extracdcm  at  the  SSC  —  B.  S.  Newberger,  U.  Texas, 

Austin;  H.-J.  Shih,  SSCL;  J.  A.  Ellison.  U.  NM  .  387 

Stucfy  of  Energy  Ramping  Process  Applied  to  the  LNLS  Synchrotron  Light  Source  (Brazil} — L.  Jahnel, 

C.  E.  T.  Gongalves  da  Silva,  UnicampILNLS  Brazil  .  390 

Extraction  System  Design  for  the  SSC  Low  Energy  Booster  —  X.  Wu,  R.  York,  U.  Wienands,  T.  Hunter,  S.  Sheynin, 

SSCL  .  393 

Tests  and  Analysis  for  SLC  Damping  Ring  Data  —  J.  E.  Spencer,  SLAC  .  396 

RF  Crqpture  Studies  for  Injection  into  a  Synchrotron  —  E.  S.  Lessner,  Y.  Cho,  ANL  .  399 

Results  from  Beam  Diffusion  and  Collimatirm  Measurements  in  Preparation  fm  Femulab  Tevatron  Crystal 

Extraction  —  G.  Jackson,  FNAL  .  402 

Operational  Experience  widi  Third  Harmonic  RF  Cavity  for  Improved  Beam  Accdnation  Through  Transitim  in  the 
Fermilab  Main  Ring  —  C.  M.  Bhat,  J.  Dey,  J.  Griffin.  /.  Kourbanis.  J.  MacLachlan.  M.  Martens,  K.  Meisner, 

K.  Y.  Ng.  J.  Shan.  D.  Wildman.  FNAL  .  405 

New  Mediod  for  Control  of  Longitudirial  Emittance  During  Transition  in  Proton  Synchrotrons  —  J.  E.  Griffin, 

FNAL  (Ret.)  .  408 

Remarks  on  the  Differential  Luminosity  in  the  Weak  Disruption  and  die  Transition  Region  —  H.  Heydari, 

TUB  Germany  .  411 

Flat  Beam  Studies  in  die  SLC  Linac  —  C.  Adolphsen,  F.-J.  Decker,  J.  T.  Seeman,  SAC  .  414 

Mediod  to  Evaluate  Steering  and  Alignment  Algoridii^  for  Controlling  Emittance  Growdi  —  C.  Adolphsen. 

T.  Raubenheimer,  SLAC  .  417 

Experimental  Simulation  of  Ground  Motion  Effects  —  M.  J.  Syphers,  A.  W.  Chao,  S.  Dutt,  Y,  T.  Yon, 

P,  L.  Zhang.  SSCL;  M.  Ball,  B.  Brabson,  J.  Budnick,  D.  D.  Caussyn,  J.  Colliru,  V.  Derenchuk,  G.  East,  M. 

Ellison.  T.  Ellison,  D.  Friesel,  B,  Hamilton,  H.  Huang,  W.  P.  Jones,  S.  Y.  Lee,  D.  Li,  S.  Nagaitsev, 

X.  Pei.  G.  Rondeau.  T.  Sloan,  Y.  Wang.  lUCF;  M.  G.  Minty.  SLAC;  W.  Gabella,  K.  Y.  Ng.  FNAL; 

L.  Teng,  ANL;  S.  TepUdan,  BNL  .  420 

Bunch  Coalescing  Studies  for  the  SSC  —  N.  Mahale,  Y.  T.  Yan,  J.  Ellison,  SSCL  .  423 

Compensation  of  RF-Induced  Energy  Spread  in  die  CEB  AF  Injectw  Chopping  System  —  M.  G.  Ti^enback, 

G.  A.  Krqfft,  CEBAF .  426 

The  Nmth  Arc  of  the  SLC  as  a  Spin  Rotator  —  T.  Limberg,  P.  Emma,  SLAC;  R.  Rossmanith,  CEBAF  .  429 

The  Evolutirm  of  Tensor  Polarization  —  H.  Huang,  S,  Y.  Lee,  lUCF,  L  Ratner,BNL  .  432 

Even  Order  Sruke  Resrmances  —  S.  Y.  Lee,  Indiana  U.  .  435 

Wiggler  as  Spin  Rotators  for  RHIC  —  A.  Luccio,  BNL;  M.  Conte,  U.  Genova  .  438 

Taylor  Map  rmd  Calculatirm  of  Equilibrium  Polarization  for  Proton  Storage  Rings  —  V.  Balandin,  N.  Golubeva, 

INR  Moscow  . 441 

Investigation  of  Spin  Resonance  Crossing  in  Proton  Circular  Accelerators  —  V.  Balandin,  N.  Golubeva. 

INR  Moscow  .  444 

Electmi  Beam  Depolarization  in  a  Damping  Ring  —  M.  Minty.  SLAC  .  447 

SPINUE:  New  C^puter  Code  for  Polarization  Calculation  —  Yu.  Eidelman,  V.  Yakimenko,  BINP  .  450 

DB^  Polarized  Proton  Beam  —  V.  N.  Zapolsky,  Yu.  A.  Chesnokov,  A.  Dyshkant,  N.  A.  Gdtyaev,  V.  I.  Kotov, 

V.  I.  Kryshkin,  R.  A.  Rzaev.  R.  M.  Sul)mev,  S.  V.  Tsarik,  V.  G.  Zarucheisky,  IHEP  Moscow  .  454 

Kfeasuremmit  of  Lrmgitudinal  Beam  Polarizatirm  by  Synchrotron  Radiation  —  I.  P.  Karabekov,  YerevemICEBAF, 

R.  Rossmanith,  CEBAF  .  457 

Vcimte  t:  1-747 
VobuiuZ;  748-1640 
VotimuS;  1641-2545 
Vobmt4;  2546-3218 
Volmu5:  3219-3933 


Froceet&^s  cf  Ifce  1993  Partick  AccekrateH'  Cat^ence 


Ilie  Status  of  Polarizittkm  StucHes  at  HERA  —  M.  Bdge,  DESY  .  460 

Ccm^ter  Assisted  Accelerator  Tuning  —  J.  K.  Boyd,  LLSL  .  463 

Pttlse-to-Pulse  Simulaticio  of  Ortnt  PeetflMck  for  JLC  Final  Focus  Systnn  —  N.  Yamamoto,  K.  Hirata,  K.  Oide, 

KEK  .  466 

MuHi-Dimenskoal  Beans  Emittance  and  B-F0ncti<ns — J.  Boon,  LAL  Orsay  .  469 

Observatioa  of  die  Coakscing  Beam  into  an  Asymmetric  RF  Bucket  by  Stochastic  Cooling — A.  M.  Hailing, 

X. P.Lu,FNAL  .  472 

EfliBCts  Transverse  Coupling  <m  Transverse  Beam  Size,  Simulatum  and  Measurements — A.  Ai.  Hailing,  FNAL  ...  474 

One  of  Mediods  to  Extract  Tbuicated  Taylor  Map  for  Orbital  and  Spin  Motion  in  Protim  Storage  Rings  — 

V.  Balandin,  DiR  Moscow  .  477 

Skew  Quadrupok  Effects  in  the  IBM  Conqxict  Synchrotron  —  C.  N.  Archie,  IBM  Semiconductor  RAD  Ctr.  .  480 

A  Simulati<»  Study  of  Linear  Coupling  Effects  and  Their  Conection  in  RHIC  —  G.Parzen,BNL  .  483 

Eigerrfiinctitms  of  die  Transfer  Matrix  in  die  Presence  of  Linear  Coupling  —  G.  Parzen,  BNL  .  486 

Bmittance  and  Beam  Size  Distortion  Due  to  Linear  Couplmg  —  G.  Parzen,  BNL  .  489 

Use  of  Regularization  Mediod  in  die  Determination  of  Ring  Parameters  and  Orbit  CorrectitMi  —  Y.  N.  Tang, 

S.  Krinsky,  NSU-BNL  .  492 

Autmnadc  Differentiation  of  Limit  Fiinctions  —  L.  Michelotti,  FNAL  .  495 

CorrecUX'  Inming  in  die  SLC  Final  Focus  —  V.  Hemann,  SLAC  .  498 

General  Normal  Form  Procedure  to  Correct  Tune^hift  and  Non-Linear  Cbromaticity  for  Large  Accelerators  like  die 

LHC  —  M.  Giovannozzi,  F.  Schmidt,  CERN  .  500 

Revkw  of  Recent  Optical  Issues  in  LEP  —  F.  Ruggiero,  CERN  .  503 

Emittance  and  Dandling  of  Electrons  in  the  Neighl>othood  of  Resonance  Fixed  Points  —  E.  A.  Crosbie,  ANL  .  506 

Effects  of  die  Third  Order  Transfer  Maps  and  Solenoid  on  a  High  Bii^tness  Beam — ZParsa,BNL  .  509 

Simultaneous  Cancellatirm  of  Beam  Ei^ttance  and  Energy  Spread  in  die  CEBAF  Nuclear  Physics  Injector  Chqiping 

System  —  H.  Liu,  J.  Bisognano,  CEBAF .  512 

The  Linkage  of  23ib  to  TEAPOT  for  Auto-Dififerentiati<m  Mi^  Extractkm  and  Nonlinear  Analysis  —  N.  Sun, 

Y.  T.  Yan,  F.  Pilot,  G.  Bourianoff,  SSCL  .  515 

Influence  of  the  I<xiizati(Hi  Loss  in  the  Diagnostic  FoU  on  the  Phase  Motion  in  die  Hiasotron  —  O.  N.  Borisov, 

L.  M.  Onischenko,  JINR,  Dubna  .  518 

Lepton  RF  Linacs  and  Linear  Colliders  Chair:  y.  Kimura 

Recent  SLC  Developments  (Invited  Paper)  —  M.  Ross,  SLAC  . . .  522 

CEBAF  Commissioning  Status  (Invited  Pcper)  — A.  Hutton,  CEBAF  .  527 

Overview  of  Linear  Collider  Designs  (/nWredFoperj — R,  H,  Siemann,  SLAC  .  532 

PtogKss  Report  on  die  TESLA  Test  Facility  —  H.  T.  Edwards  and  the  TESLA  Collaboration,  DESY! FNAL  .  537 

The  CERN  Linear  Collider  —  The  CUC  Study  Groiqt,  CERN  .  540 

The  Next  Linear  Collider  Test  AccekratOT  —  R.  D.  Ruth,  C.  Adolphsen,  K.  Bane,  R.  F.  Boyce,  D.  L.  Burke, 

R.  Collin,  G.  Caryotakis,  R.  Cassel,  S.  L.  Clark,  H.  Deruyter,  K.  Font,  R.  Fuller,  5.  Heifets,  H.  Hoag, 

R.  Humphrey,  S.  Khetfets,  R.  Koontz,  T.  Lavine,  G.  A.  Loew,  A.  Menegat,  R.  H.  Miller,  J.  M.  Paterson, 

C.  Pearson,  R.  Phillips,  J.  Rifldn,  J.  Spencer,  S.  Tantawi,  K.  A.  Thompson,  A.  Vlieks,  V.  Vylet,  J.  W.  Wang, 

P.  B.  Wilson,  A.  Yeremian,  B.  Youngman,  SLAC ;  N.  M.  KroU,  UC  San  Diego;  C.  Nantista,  UCLA .  543 

High  Power  CW  Linac  in  PNC  —  5.  Toyama,  Y.  L.  Wang,  T.  Emoto,  M.  Nomura,  N.  Takahashi,  H.  Oshita, 

K.  Hirano,  Y.  Himeno,  PNC  Japan;  1.  Sato,  A.  Enomoto,  M.  Ono,  KEK  .  546 

Poster  presentations: 

A  mm- Wave  Planar  Mkrocavity  Structure  for  Ekctrcm  Linear  Accelerator  System  —  Y.  W.  Kang,  R.  Kustom, 

F.  Mills,  G.  Mavrogenes,  ANL;  H.  Henke,  TU  Berlin  .  549 

SCANUR:  A  Subcritkal  Reactor  widi  Electron  Linacs  for  Transmutation  of  Nuclear  Wastes — A.  Krasnykh, 

Yu.  Popov,  V.  Rudenko,  L.  Somov,  JINR  Dubna;  L.  Men'sckUwv,  V.  Prusakov,  5.  Subbotin, 

Kurchatov  Inst.,  Moscow  .  552 

New  Irradiation  Held  Shqnng  Systems  cH  High  Voltage  Electron  Accelerators  for  Industry — A.  5.  Ivanov, 

V.  P.  Ovchinnikov,  M.  P.  Svinin,  N.  G.  Tolstun,  Efremov  Inst.  .  555 

A  Versatik  2  MeV,  200  mA  Compact  X-Band  Linac  —  C.  E.  Clayton,  K.  A.  Marsh,  UCLA  .  558 


Bach  vobmi  ttgbu  wUk  Mi  ftvt-vclmm  labU  of  coMout 
aoi  omb  wU  A*  ihw-nolnM  Mitor  ta4a.  Tht  cMrmm'i 
forowori  and  a  tttt  of  coofertoet  ortaidiMn  oad  ttaff 
afftor  at  front  mamr  bt  Votmao  I.  A  Utt  of  eonftrone* 
fortk^oMt  fneodot  A*  osAor  Met  to  Volomo  5. 


Five-Volume  Contents 


Emittance  Measuranents  of  die  4.S  MeV  UCLA  RF  Photo-Injector  —  5.  C.  Harman,  N.  Barov.  S.  Park, 

C.  Pellegrini,  J.  Rosemyveig.  G.  Travish,  R.  Zhang,  P.  Davis,  C.  JosM,  G.  Hairapetian,  UCLA  . 

Conunissioiung  of  ^  SIBERIA-2  Pieinjector  and  First  B«un  Results  —  V.  Korchuganov,  G.  Kulppanov, 

E.  Levichev,  O.  NezJuvenko,  G.  Ostreiko,  A.  Philipchenko,  G.  Serd(d>intsev,  E.  Shaimerdenov,  V.  Ushakov, 

INP  Novosibirsk;  A.  Kadrov,  Yu.  Krylov,  S.  Kuznetsov,  V.  Ushkov,  Yu.  Yupinov,  Kurchatov  Inst. . 

Emittance  Measurement  and  Modeling  of  die  ALS  SO  MeV  Linac  to  Booster  Line  —  J.  Bengtsson,  W.  Leanans, 

T.  Byrne,  LBL  . . 

Extended  Version  of  an  S-Band  RF  Gun  —  S.  Park,  C.  Pellegrini,  UCLA  . 

Progress  Report  on  the  Cmnmissioning  of  die  Lisa  25  MeV  SC  Linac  —  F.  Tazzioli,  M.  Castellano,  M.  Ferrario, 

S.  Kulinski,  M.  Minestrini,  P.  Patten,  INFN-LNF;  L.  CiUaiu,  S.  Tazzari,  INFN  Roma  . 

The  Plane  Wave  Tiansf<»mer  Linac  Develcqmient  at  UCLA — R.  Zhang,  S.  Hartman,  C.  Pellegrini,  UCLA  . 

Nanosectwd  MOSFET  Gun  Pulser  for  the  C^R  High  Intensity  Linac  Injector  —  C.  R.  Dunnam,  R.  E.  Metier, 

Cornell  . 

Progress  of  PLS  2-GeV  Linac  —  W.  Namkung,  I.  Ko,  M.  Cho,  C.  Ryu,  J.  Bak,  S.  Nam,  H.  Lee,  POSTECH  . 

Lattice  Design  Principles  fm  a  Recirculated.  Hi£^  Energy,  SRF  Electron  Accelerator  —  D.  R.  Douglas,  CEBAF  . 

Commissioning  and  Operation  Experience  with  the  CEBAF  Recirculation  Arc  Beam  Transput  System  —  Y.  Chao, 

M.  Crqfford,  N.  Dobeck,  D.  Douglas,  A.  Hofler,  C.  Hovater,  G.  A.  Krafft,  R.  Legg,  J.  Perry,  E.  Price, 

S.  Sukring,  M.  Tufenback,  J.  van  Zeijts,  CEBAF  . 

Linac  Upgrade  Plan  ftH*  die  KEK  B-Factory  —  A.  Enomoto,  S.  Ananti,  T.  Kamitani,  H.  Hanaki,  T,  Shidara,  I.  Sato, 

KEK  . 

Performance  Characteristics  of  the  Pulsed  High  Power  Klystttm  Tube  for  PLS  2-GeV  Linac  —  M.  H.  Cho, 

S.  H.  Nam,  J.  S.  Oh,  S.  S.  Park,  H.  S.  Lee,  J.  S.  Bak,  I.  S.  Ko,  W.  Namkung,  POSTECH  . 

Electron  Ttansport  of  a  Linac  Cdierent  Light  Source  (LCLS)  Using  the  SLAC  Linac  —  K.  L.  Bane, 

T.  O.  Raubenheimer,  J.  T.  Seeman,  SLAC  . 

niasing  Schemes  far  the  CEBAF  Cavities  —  S.  N.  Simrock,  R.  Kazimi,  G.  A.  Krafft,  L.  Merminga,  L.  Ninon, 

S.  Witherspoon,  CEBAF  . 

Initial  Data  of  Linac  I^injector  for  SPring-8  —  S.  Suzuki,  H.  Yoshikawa,  T.  Hori,  K.  Yanagida,  A.  Mizuno, 

K.  Tamezane,  K.  Mashiko,  H.  Yokonuzo.  JAERl  . 

Status  of  the  Advanced  Photon  Source  (APS)  Linear  Acceloratcxr — M.  White,  W.  Berg,  R.  Fuja,  A.  Grelick, 

G.  Mavrogenes,  A.  Nassiri,  T.  Russell,  W.  Wesolowski,  ANL  . 

200  MeV  RF  Linac  for  Brookhaven  Naticmal  Laboratory  —  K.  Whithorn,  H,  Anamkath,  S.  Lyons,  J.  Manca, 

R.  Miller,  P.  Treas,  T.  Zante,  Titan  Beta;  R.  Miller,  SLAC;  R,  Heese,  J.  Keane,  BNL  . 

Design  of  the  e'*'/e*  Frascati  Linear  Accelerator  fw  DaFne  —  K.  Whithorn,  H.  Anamkath,  S.  Lyons,  J.  Manca, 

R.  Miller,  T.  Zante,  P.  Treas,  D.  Nett,  Titan  Beta;  R.  Miller,  SLAC;  R.  Boni,  H.  Hsieh,  S,  Kulinski, 

F.  Sannibale,  B.  Spataro,  M.  Vescovi,  G.  Vignola,  INFN-Frascati  . 

The  Possibility  of  Introducing  Additional  Focusing  Caused  by  the  Circular  Irises  in  Iris  Loaded  Accelerator  Sections  — 

M.  Kurz,  P.  Hiilsmann,  H.-W.  Ghck,  H.  Klein,  Inst.  f.  Ang.  Pkysik  . . . 

Disruption  Effects  ffom  the  Collision  of  Quasi-Flat  Beams  —  P.  Chen,  SLAC  . 

Accelerator  and  RF  System  Development  for  NLC — A.  E.  Vlieks,  R.  Collin,  H.  Deruyter,  R.  Early,  K.  S.  Font, 

Z.  D.  Farkas,  W.  R.  Fawkes,  C.  Galloway,  H.  A.  Hoag,  R.  Koontz,  G.  A.  Loew,  T.  L.  Lavine,  A.  Menegat, 
R,  H.  Miller,  D.  Palmer,  C.  C.  Pearson,  R.  D.  Ruth,  S.  G.  Tantawi,  P.  B.  Wilson,  J.  W.  Wang,  C.  Yoneda, 

SLAC;  N.  KroU,  UCSD;  C.  Nantisto,  UCLA  . 

Rise  Time  of  the  Amplitudes  of  Time  Harmcmic  Fields  in  Multicell  Cavities  —  H.-W.  Glock,  M.  Kurz, 

P.  Hiilsmann,  H.  Klein,  Inst.  f.  Ang.  Physik  . 

cue  Drive  Beam  Generatkm  by  Induction  Linac  and  FEL  Experimental  Studies  for  die  CERN  Linear  Collider — 

R.  Corsini,  C.  D.  Johnson,  CERN;  J.  Gardelle,  J.  Grenier,  CESTA . 

Beam  instabilities  Related  to  Different  Focusing  Schemes  in  TESLA  —  A.  Mosnier,  CE  Saclay  . 

A  Large  Aperture  Final  Focus  System  for  TESLA  —  O.  Napoly,  CE  Saclay  . 

Chicane  ar^  Wiggler  Based  Bunch  Compressors  for  Future  Linear  Colliders  —  T.  O.  Raubenheimer,  P.  Emma, 

S.  Kheifets,  SLAC  . 

An  "NLC-Style"  Short  Bunch  Length  Compressor  in  the  SLAC  Linac  —  J.  T.  Seeman,  R.  Holtzapple,  SLAC  . 

Multibunching  Studies  for  (XIC  —  7.  Wilson,  W.  Wuensch,  CERN  . 

Linear  Collider  Systems  and  Costs  —  G.  A.  Loew,  SLAC  . 

Applicatitm  of  the  Mtmte  Carlo  Mediod  to  Estimate  die  Tendi-Value  Thickness  for  X-Rays  in  Medical  Electron 

Accelerators — J.  Rddenas,  G.  Verdi,  U.  Politicnica,  Valencia  . 


Vobme  I: 
Vobatte  2; 
Vobaie  3: 
Volmu  4: 
Volume  5: 


561 


564 

567 

570 

573 

575 

578 

581 

584 


587 

590 

593 

596 

599 

602 

605 

608 


6II 


614 

617 


620 

623 

626 

629 

632 

635 

638 

641 

644 

647 


1-747 

748-1640 

1641-2545 

2546-3218 

3219-3933 


'hvt^tUngs  of  the  1993  Particle  Accelerator  Cortference 


iunt'Mode  Hlectrcm  Gun  Pulso’  fcs  FEL  widi  the  ISIR  Linac  —  K.  Tsumori,  Swnitomo  Elect.  ItuL;  S.  Okuda, 

T.  Yamamoto,  S.  Suemitm,  S.  Takamaku,  Osaka  U.  .  6S0 

*ositn»  Accumulation  Ring  for  die  SPring-8  Project —  Y.  Miyahara,  JAERI-RIKEN  .  653 

BOj^-Cmrent  Accelwators  chair:  T.  Fessenden 

nducdoD  Accelerate  Development  fe  Heavy  Icm  Fusion  (Invited  Paper)  —  L.  L.  Reginato,  LBL  .  656 

3enention  and  Focusing  of  Higli  Eneigy,  35-kA  Election  Beams  fot  Pulsed-Diode  Radiogn4)bic  Machines:  Theory  and 

Experiment  —  R.  L.  Carlson,  M.  J.  George,  LANL;  T.  P.  Hughes,  D.  R.  Welch,  MRC .  661 

chimerical  Invesdgatkm  of  Hi^-Cunent  Ion  Beam  Acceleration  and  Qiarge  Campeasatioa  in  Two  Accelerating 

of  Induction  Linac  —  N.  G.  Belova,  Russian  Acad.,'  V.  I.  Karas',  Kharkov  Inst.  .  664 

rhe  Li^t-Ion  Pulsed  Powe  Induction  Accelerator  for  die  Labeat<»y  Microhision  Facility  (LMF)  — 

M.  G.  Mazarakis,  D.  L.  Smith,  L,  F.  Bennett,  T.  R.  Lockner,  R.  E.  Olson,  J.  IV.  Poukey,  J.  Boyes, 

Sandia  Nat.  Lab .  667 

’*oster  presentatims: 

i’irst  Operation  of  the  LELIA  Induction  Accelerator  at  CESTA  —  Ph.  Eyharts,  Ph.  Anthouard,  J.  Bardy,  C.  Bonnafond, 

Ph.  Delsart,  A.  Devin,  P.  Eyl,  P.  Grua,  J.  Labrouche,  J.  Launspach,  P.  Le  Taillandier,  J.  de  Mascureau, 

E.  Merle,  A.  Roques,  M.  Thevenot,  D.  ViUate,  CEA-CESTA  .  670 

\n  Induction  Linac  and  Pulsed  Power  System  at  KEK — J.  Kishiro,  K.  Ebihara,  S.  Hiramatsu,  Y.  Kimura,  T.  Ozaki, 

K.  Takayama,  D.  H.  Whittum,  K.  Saito,  KEK  .  673 

Design  and  Operation  of  Inductive  Acceleratitm  Modules  for  FEL  widt  Controlled  Voltage  Ramp  —  S.  Kawasaki, 

Scotoma  U.;  H.  Ishizuka,  Fukuoka  Inst.;  A.  Tokuchi,  Nichicon  Corp.;  Y.  Yamashita, 

S.  Nakajima,  Hitachi;  S.  Sakamoto,  H.  Maeda,  M.  Shiho,  JAERI .  676 

Study  on  Induction  Accelerator  for  Industrial  Applications  —  Y.  S.  Cho,  K.  H.  Baik,  K.  H.  Chung,  Seoul  Nat.  V.; 

B.  H.  Choi,  Korea  Atomic  Energy  Res.  Inst.  .  679 

Linear  Induction  Accelerators  fw  Industrial  Applications  —  M.  I.  Demsky,  Yu.  P.  Vakhrushin,  A.  E.  Baranovsky, 

A.  A.  Volzhev,  A.  P.  Kuprianov,  D.  E.  Trifonov,  Efremov  Inst.  .  682 

fli^  Power,  Hi^  Brightness  Electron  Beam  Generation  in  a  Pulse-Line  Driven  Pseudospaik  Discharge  — 

W.  W.  Destler,  Z.  Segalov,  J.  Rodgers,  K.  Ramaswamy,  M.  Reiser,  U.  Maryland  .  685 

Experimental  Study  of  Post- Acceleration  and  Transport  of  a  Pseudospaik-Pioduced  Election  Beam  —  C.  J.  Liu, 

M.  J.  Rhee,  U.  Maryland  .  688 

2ompound-Lens  Injector  for  a  19-MeV,  700-kA  Election  Beam  —  T.  W.  L.  Sanford,  J.  W.  Poukey, 

J.  A.  Halbleib,  Sandia  Nat.  Lab.;  R.  C.  Mock,  Ktech  Corp .  691 

Electron  Flow  in  die  SABRE  Linear  Induction  Adder  in  Positive  Polarity  —  J.  R.  Smith,  Titan! Spectra;  J.  W. 

Poukey,  M.  E.  Cuneo,  D.  L.  Hanson,  S.  E.  Rosenthal,  M.  Bernard,  Sandia  Nat.  Lab .  694 

Design  and  Progress  of  die  AIRDC  Induction  Acceloator — J.de  Mascureau,  Ph.  Anthouard,  J.  Bardy,  C.  Bonnafond, 

Ph.  Delsart,  A.  Devin,  Ph.  Eyharts,  P.  Eyl,  P.  Grua,  J.  Labrouche,  J.  Launspach,  P.  Le  Taillaiuiier,  E.  Merle, 

A.  Roques,  B.  Sacepe,  M.  Thevenot,  D.  Villate,  CEA-CESTA  .  697 

*^ucle,jr  Fusiim  of  Protons  with  Ions  of  Boron  —  A.  G.  Ruggiero,  BNL  .  700 

rleavy  Ion  Fusion  Injector  Program  —  S.  Yu,  S.  Eylon,  W.  W.  Chupp,  A.  Fattens,  T.  Fessenden,  E.  Henestroza, 

R.  Hippie,  D.  Judd,  C.  Peters,  L.  Reginato,  H.  Rutkowski,  J.  Stoker,  D.  Vanecek,  LBL;  J.  Barnard, 

G.  Caporaso,  Y.  J.  Chen,  F.  Deadrick,  A.  Friedman,  D.  Grote,  D.  Hewett,  LLNL  .  703 

bn  Pulse  Propagation  Through  a  Previously  Unfilled  Electrostatic  Aperture  Lens  Accelerating  Column  — 

H.  L.  Rutkowski,  S.  Eylon,  D.  S.  Keeney,  LBL;  Y.  J.  Chen,  D.  W.  Hewett,  J.  Barnard,  LLNL  .  706 

LSE-ESQ  Injector  Scaled  Experiment  —  E.  Henestroza,  S.  Eylon,  S.  Yu,  LBL;  D.  Grote,  LLNL  .  709 

Dne  Dimensional  Simulations  of  Transients  in  Heavy  Ion  Injectors — J.  J.  Barnard,  G.  J.  Caporaso,  LLNL;  S.  S.  Yu, 

S.  Eylon,  LBL  .  712 

Analysis  of  Beam  Loading  in  Electrostatic  Columns  —  G.  J.  Caporaso,  J.J.  Barnard,  LLNL  .  715 

Simulation  of  Transient  Effects  in  die  Heavy  Ion  Fusicm  Injectors  —  Y.  Chen,  D.  W.  Hewett,  LLNL  .  718 

Electrostatic  Quadrupoles  for  Heavy-Ion  Fusion  —  P.  Seidl,  A.  Faltens,  LBL  .  721 

Simulation  Studies  of  Space-Chaige-Dominated  Beam  Transport  in  Large  ^lertuie  Ratio  Quadrupoles  — 

W.  M.  Fawley,  L.  J.  Laslett,  C.  M.  Celata,  A.  Faltens.  LBL;  I.  Haber.  NRL  .  724 

UkH  yolame  begUu  wM  this  ftvt-vtriam*  tabit  tif  amststts 
md  stub  with  is  fivt-vtisMS  emriur  ladtx.  Ths  chalrmta’s 
trtword  md  a  list  of  coitftrsitee  orgmUtrs  md  staff 
pptar  as  frotts  master  In  Volame  J.  A  list  ef  caaftrettct 
artlelpatits  precedes  the  aadtor  Utdex  la  Vobuae  S. 


Five-Volume  Contents 


Three  Dimensioaal  PIC  Simulation  of  Heavy  Ion  Fusion  Beams:  Recent  Im|>rovemrats  to  and  ^q>lications 

of  WARP  —  D.  P,  Grote.  A.  Friedman.  ULNL;  /.  Haber,  NHL  .  727 

Ixmgitudinal  Beam  Dynamics  for  Heavy  Ion  Fusion  —  D.  A.  Callahan,  A.  B.  Langdon,  A.  Friedman.  LLNL;  I.  Haber, 

NRL  .  730 

ConecticMi  of  Longitudinal  Errors  in  Acceleratars  for  Heavy-Ion  Fusion  —  W.  M.  Sharp,  D.  A.  Callahan.  J.  J.  Barnard, 

A.  B.  Langdon,  LLNL;  T.  J.  Fessenden,  LBL  .  733 

System  Modeling  for  foe  Lrmgitudinal  Beam  Dynamics  Control  Pnfolem  in  Heavy  Ion  Induction  Accelerators — 

A.  JV.  Payne.  LLNL  .  736 

Devel<q>ment  of  I^-Switched  Induction  Accelerator  Cells  fm'  Heavy-Ion  Fusion  Recirculators  —  M.  A.  Newton, 

W.  R.  Cravey.  S.  A.  Hawkins.  H.  C.  Kirbie,  C.  W.  Ollis,  LLNL  .  739 

Parametric  Studies  fm  Recirculating  Iruiuctirm  Accelerators  as  Drivers  for  Heavy-Ion  Fusion  —  R.  L.  Bieri, 

Schttfer  Assoc.  .  742 

A  Fiision  Device  of  foe  Continuous  Electron  Beam  Confinement  Used  by  foe  Accumulating  Ririg  with  foe  Continuous 

Injection  —  S.  Gao,  G.  Qian,  CIAE  China  .  745 


Volume  2 


RF  Structures  Chair:  D.  Reid 

Operating  Experience  with  High  Beta  Superconducting  RF  Cavities  (Invited  Paper)  —  H.  F.  Dylla,  L.  R.  Doolittle. 

J.  F.  Benesch,  CEBAF  .  748 

Perpendicular  Biased  Ferrite-Tuned  Cavities  (Invited  Paper)  —  R.L.  Poirier.  TRIUMF  .  753 

SRF  Cavities  for  Future  Applications  f/nvi/ed  — D.Proch.DESY  .  758 

Preparation  and  Testing  of  a  Superctmfoicting  Cavity  for  CESR-B — D.  Moffat,  P.  Barnes,  J.  Kirchgessner, 

H.  Padamsee,  J.  Sears,  Cornell  . . .  763 

Hi^  Power  Operation  of  Smgle-Cell  352-MHz  Cavity  for  foe  Advanced  Photon  Source  (APS) — J.  F,  Bridges, 

Y.  W,  Kang,  R.  L.  Kustom,  K.  Primdahl,  ANL  .  766 

Poster  presentations: 

Development  of  Crab  Cavity  for  CESR-B  —  K.  Akai,  J.  Kirchgessner,  D.  Moffat,  H.  Padamsee,  J.  Sears,  M.  Tigner, 

Cornell  .  769 

A  New  3-D  Electromagnetic  Solver  for  foe  Design  of  Arbitrarily  Shaped  Accelerating  Cavities  —  P.  Arcioni. 

M.  Bresson,  L.  Perregrini,  U.  Pavia  .  772 

Design  Study  for  foe  ELFA  Linac  —  W.  A.  Barletta,  LBL;  G.  Bellomo,  INFNI  U.  Milan;  G.  Gemme,  R.  Parodi, 

INFN  Genova;  V.  Stagno,  V.  Variale,  INFN  Bari  .  775 

The  RF  Cavity  for  DAFNE  —  5.  Bartalucci,  R.  Bom,  A.  Gallo.  L,  Palumbo,  R.  Parodi.  M.  Serio,  B.  Spataro, 

INFN-LNF  .  778 

Mechanical  Results  of  foe  CEBAF  Cavity  Series  Production — J.  Mammosser,  J.  F.  Benesch,  CEBAF  .  781 

Fabrication  of  Complex  Mechanical  Components  —  Y.  Beroud,  SICN  .  784 

Measurements  of  Hi^r  Order  Modes  in  3tdHarm<micRF  Cavity  at  Fennilab  —  C.  M.  Bhat,  FNAL  .  787 

POISSON/SUPERHSH  on  PC  Compatibles  —  J.  H.  BiOen,  L.  M.  Young.  LANL  .  790 

Radio  Frequency  Measurement  and  A^ysis  Codes — /.  H.  Bitten,  LANL  .  793 

Progress  on  RF  Siqmconductivity  at  Saclay — Groupe  d'Etudes  des  Cavitfs  Supraconductrices.  CE  Saclay  and  Institut 

de  Physique  NucUaire,  Orsay .  796 

A  New  Surface  Treatment  for  Nkfoium  Superconducting  Cavities  —  B.  Bonin,  C.  Henriot,  C.  Antoine,  B.  Coadou, 

F.  KoechUn,  J.  P.  Rodriguez.  E.  Lemaitre,  P.  Greiner.  CE  Saclay  .  798 

UsingdiePanofsky-WenzelThMteminfoe  Analysis  of  Radio-Frequency  DeflecUus  —  M.  J.  Browman,  LANL  .  800 

The  Effects  of  Temperature  and  RF  Power  Level  oa  foe  Tuning  of  foe  Water-Cooled  SSC  Low-Energy  Booster 

Cavity  —  C.  Friedrichs.  LANL;  G.  Hulsey.  SSCL  .  803 

Superconducting  Cavities  for  foe  LEP  Energy  Upgrade  —  G.  Cavattari,  C.  Benvenuti,  P.  Bernard,  D.  Bloess, 

E.  Chiaveri,  F.  Genesio,  E.  Haebel,  N.  Hitteret,  J.  Tuckmantel.  W.  Weingarten,  CERN  .  806 

TESLA  Irqwt  Coupler  Development  —  M.  Champion,  D.  Peterson,  T.  Peterson,  C.  Reid,  M.  Ruschman,  FNAL  ....  809 


Vobam  /;  t-747 
Vobmttt:  74S-I640 
VoUmtS:  1641-2545 
Volamt4:  2546-S2I8 
VobmcJ:  3219-3933 


Froete^ngs  cfAe  1993  Particle  Accelerator  Cor^rence 

Ooaqmler  Simulation  and  Cold  Model  Testing  of  CCL  Cavitms  —  C.  R.  Chang,  C.  G.  Yao,  D.  A.  Swenson. 

L  W.  Funk.  SSCL  .  812 

DnwUa$ctot^AitmieWik»B»liAoceleator--E.Chofitaeki.R.KoHeaty,M.Rosing.J.Simpson,ANL  .  815 

Choice  of  die  RF  Cav^  for  tbe  SSC  Collider — W.  Chou,  SSCL  .  818 

High  Field  Omditiooing  of  Cryc^enk  RF  Cavities  —  M.  Cole,  T.  Debiak,  C.  Lorn,  W.  Shephard.  J.  Sredniawski. 

Grumman  . 821 

Status  of  the  SSC  LEB  RF  Cavity  —  F.  Coleman,  F.  Brandeberry,  C.  Friedrichs,  Y.  Goren,  T.  Grimm.  G.  Hulsey, 

S,  KwiaAowsU,  A.  Frajpp,  L.  Taylor,  L.  WalUng,  SSCL;  J.  Averbukh,  M.  Karttner,  V.  Petrov,  S.  Yakovl^, 

BDfP  .  824 

RF  Commissioning  nf  the  Superconducting  Sttyer  Collider  Radio  Frequency  Quadrupole  Accelerator — R.L  Cutler, 

G.  Arbique,  J.  Gripipe,  S.  Marsden,  O.  Marrufo,  R.  Rodriguez,  SSCL  .  827 

Design  of  a 'Hmer  and  Adjus^leRF  Coupler  for  a  CW  2856  MHz  RF  Cavity  — 4f.  S.  deJong.F.  P.  Adams, 

R.  J.  Burton,  R.  M.  Hutcheon,  T.  Tran-Ngoc,  AECL,  Chalk  River;  A.  Zolfdghari, 

P.  T.  Demos,  MIT~Bates  .  829 

A  2856  MHz  RF  Cavity  for  the  MIT-BatBS  Soudi  Hall  Ring  —  M.S.de  Jong,  F.  P.  Adams,  R.  J.  Burton, 

R.  M.  Hutcheon,  T.  Tran-Ngoc,  AECL,  Chalk  River;  A.  Zolfisghari,  P.  T.  Demos,  MIT-Bates  .  832 

CavityRFMode  Analysis  Using  a  Boundary-Integral  Method— Af.  5.  d^/ong.F.P.  A<kfiu,A£CL.CAaiii  River  ..  835 

Design  Omsiderations  for  Hi^-Cunent  Superconducting  RFQ's — J.  R.  Delayen,  C.  L  Bohn,  W.  L.  Kennedy, 

L.  Sagalovsky,  ANL  .  838 

Commissioni^  of  the  CEBAF  Ciyomoduks  —  M.  Drury,  T.  Lee,  J.  Marshall,  J.  Preble,  Q.  Saulter,  W.  Schneider, 

M.  SpaSa,  M.  Wiseman,  CEBAF  .  841 

Design  and  Fabfkatkm  of  High  OradiNit  Accelerating  Structure  ProtrMype  at  36.5  GHz  —  V.  A.  Dvornikov, 

/.  A.  Kumin,  MEPl  Russia . 844 

Ihe  SSC  RFQ-DTL  Maldiing  Section  Buncher  Cavities  —  T.  Enegren.  C.  M.  Combs.  Y.  Goren,  M.  D.  Hayworth, 

A.  D.  Ringwall,  D.  A.  Swenson,  SSCL .  846 

Bulk  hEolnum  Low-,  Medium-  and  Hi^-fi  Supenxmducting  Quarts  Wave  Resonators  for  the  ALPI  Postaccelerator — 

A.  Facco.  J.  S.  Sokolawdd,  DiFN  Legnaro;  /.  Ben-Zvi,  BNL;  E.  Chiaveri,  CERN; 

B.  V.  Elkonin,  Weizmann  Inst.  .  849 

A  Numerical  Mediod  for  Detmnining  die  Coupling  Streiigdu  and  Resonant  Frequencies  of  a  Nonpoiodic  Coiqiled 

Cavity  Chain  —  M.  Foley,  T.  Jurgens,  FNAL  .  852 

Thermal  Stu^  of  HOM  Couplers  for  Stqierconducting  RF  Cavities  —  M.  Fouaidy,  T.  Junquera,  IPN  Orsay;  S.  Chel, 

A.  Mosnier,  Saclay  .  855 

Voy  Wide  Range  and  Short  Accelerating  Cavity  for  MIMAS  —  C.  Fougeron,  P.  Ausset, 

D.  de  Menenes,  J.  Peyromaure,  G.  Charruau,  LNS-CE  Saclay  .  858 

Fundamental  Mode  Dehmed  Travelling  Wave  Accelerating  Structure — J.  Gao,  LAL  Orsay  .  862 

Demi-Disc  Travelling  Wave  Accelerating  Structure  —  J,  Gao,  LAL  Orsay  .  865 

Analytical  Formulae  for  die  Coiqiling  Coefficient  B  Between  a  Waveguide  and  a  Travelling  Wave  Structure  —  J.  Gao, 

LAL  Orsay  .  868 

Automated  Bead-Positioning  Systran  for  Measuring  Impedances  of  RF  Cavity  Modes — D.  A.  Goldberg, 

R.  A.  Rimmer,  LBL  .  871 

Measurements  of  Hi|^-Order  Mode  Danqnng  in  die  PEP-II  Low-Power  Test  Cavity — R.  A.  Rimmer, 

D.  A.  Goldberg,  LBL  . 874 

Ntmlinear  Effects  in  Ferrite  Tuned  Cavities  —  Y.  Goren,  N.  K.  Mahale,  L.  Walling,  T.  Enegren,  G.  Hulsey,  SXL; 

V.  P.  Yakovlev,  V.  M.  Petrov,  BINP  .  877 

Eddy  Ciurent  Analysis  for  die  SSC  Low  Energy  Booster  Cavity  —  Y.  Goren.  L  Walling.  F.  Brandeberry,  N.  Spayd, 

SSCL  .  880 

Voltage  Counter-Phasing  in  die  SSC  Low  Energy  Booster  —  Y.  Goren,  SSCL;  T.  F.  Wang,  LANL  .  883 

An  Update  on  Hi^  Peak  Power  (HPP)  RF  Processing  of  3  GHz  Nine-Cell  hRobium  Acceletattw  Cavities  —  P.  Barnes, 

J.  Kirchgesaier,  D.  Moffat,  H.  Padamsee,  J.  Sears,  Cornell;  C.  Crawford,  FNAL; 

J.  Graber,  P.  SchmUser,  DESY  .  . . . .  886 

Microscopic  Investigation  of  RF  Surfaces  of  3  GHz  Niobium  Accelerator  Cavities  Fbllowing  RF  Processing  — 

P.  Barnes,  T.  Ftynn,  J.  Kirchgessner,  J.  Kndbloch,  D.  Mcffat,  H.  Muller,  H.  Padamsee,  J.  Sears, 

Cornell ;  J.  Grcdter,  DESY .  889 

A  World  Record  Accekra^  Gradient  in  a  Niobium  Superconducting  Accelerator  Cavity — P.  Barnes, 

J.  Kirchgessner,  D.  Moffat,  H.  Padamsee,  J.  Sears,  Cornell ;  J.  Graber,  DESY .  892 

Bed!  yobrntt  btgbu  wUk  Mt  Jhfvobam  uMa  cf  comtmt 
am  mm  wUk  ew  fw-wbrnm  tmther  bUkx.  Thi  ^dman'i 
fartymd  and  auaaf  toafmaea  araaaUan  and  M$aff 
aepaar  at  frmu  mautr  In  Vaimat  I.  A  Ua  af  caafartae* 
partMpmm  praetdat  Ot  aatdaa  ladtx  In  Vabant  5. 


Five-Volume  Contents 


C3Mtt«cterii«tiop  of  NSLSAccekratii^  Cities  U8ii>g  Impedance  MeasuienieittTedmiq^  —  S.M.Haima, 

#*.  M.  Stefan.  NSLS-BNL  .  895 

In  Seaidi  of  Modes  in  die  Singk-Cell  Cavity  Prototype  for  CESR-B  —  W.  Hammg,  Cornell:  E.  Haebel, 

CERN  .  898 

Enveb^Eq^iations  for  Transiaits  in  Linear  Chains  of  Resonators — H.  Henke,  M.FQtz,  TV  B^Un .  901 

A  Broed-Ba^  Side  Cogq^  mm-Wave  Acceterating  Structure  for  Bectroos — H.Henke,  W.Bruns,  TUBerUn . .  904 

Accderalor  Structure  Devetopment  for  NLC  —  H.  A.  Hoag,  H.  Demyter,  C.  Pearson,  R.  D.  Ruth,  J.  W.  Wang, 

SAC;  J.  Sdtaefsr,  Texas  Inst.  .  907 

HOM  Dandling  widi  Coaxial  Dampers  in  a  PiDbox  Cavi^  Widiout  die  Fundamental  Mode  Flrequency  Rejection 

Filter  —  Y.  W.  Kang,  R.  L.  Kustom,  J.  F.  Bridges,  ANL  .  910 

Reduced  Loigdi  Design  of  9.8  MHz  RF  Acoelerating  Cavity  f(U'  die  Positnm  Accumulator  Ring  (PAR)  of  die  Advanced 

Photon  Source  (APS)  —  Y.  W.  Kang,  J.  F.  Bridges,  R.  L.  Kustom,  ANL  .  913 

Higher  Order  Mode  Damping  System  in  die  UNK  RF  Cavi^  —  V.  Katalev,  V.  Kudryavtsev,  1.  Sulygin,  IHEP  .  916 

Status  and  Oudook  for  H^  Power  Processing  of  1 .3  CHlz  TESLA  Multicell  Cavittes — J.  Kirchgessner,  P.  Barnes, 

J.  Graber,  D.  Metzger,  D.  Moffat,  H.  Mutter,  H.  Padamsee,  J.  Sears,  M.  Tigner,  Cornell;  L.  Bartelson, 

M.  Champion,  C.  Crawford,  H.  Edwards,  K.  Koepke,  M.  Kuchnir,  H.  Pfeffer,  FNAL;  A.  Madieisen, 

M.  Pekeler,  P.  SchmUser,  DESY  .  918 

20  MV/m  Accelerating  Gradient  widi  Heat  Treatment  of  a  Six  Cell,  1 .5  GHz  Cavity  for  TESLA — J.  Kircl^essner, 

P.  Barnes,  W.  Hartung,  D.  Moffat,  H.  Padamsee,  D.  Rubin,  J.  Sears,  M.  Tigner,  Cornell;  M.  Hitter, 

Babcock  A  Wittcox;  D.  Saraniti,  SLAC;  Q.  S.  Shu,  SSCL  .  921 

A  New  SO  MHz  RF  Cavity  for  Aladdin —  K.  J.  Kleman,  SRC  Madison  .  924 

Petfotnumce  of  a  CEBAF  Production  Cavity  After  Hi^-Tempoature  Heat  Tremment — 

P.  Kneisel,  M.  G.  Rao,  CEBAF  .  927 

Sui^ssion  of  Higher-Otdm:  Modes  in  an  RF  Cavity  by  Resistive  Material  —  T.  Kosdd,  Y.  Kamiya  ,  ISSP  Tokyo; 

M,  Izawa,  KEK  .  930 

A  Coaxial-Type  Acceletating  System  widi  Amotidious  Material  —  V.  A.  Krasnopolsky,  MRU  Russia .  933 

^iplications  and  Comparisons  of  Mediods  of  Computing  the  S  Matrix  of  2-Ports  —  R.  M.  Jones,  K.  Ko, 

S.  Tantawi,  SLAC;  N.  Krott,  UCSDISLAC;  D.  U.  L.  Yu,  DULY  Res .  936 

Qmstruction  of  die  CEBAF  RF  Sqiarator  —  A.  Krycuk,  J.  Fugitt,  A.  Johnson,  R,  Kazimi,  L.  Turlington, 

CEBAF  .  939 

RF  Cavity  for  die  Medium  Energy  Booster  for  SSCL  —  5.  Kwiaikowski,  J.  Curbow,  T,  Enegren,  A.  Propp, 

SSCL  ;  V.  P.  Yakovlev,  V.  M.  Petrov,  Budker  Inst.  . . .  941 

New  Achievements  in  RF  Cavity  Manufacturing  —  G.  Lippmann,  K.  Pimiskem,  H.  Kaiser,  Domier  GmbH  .  944 

Analysis  of  Medianical  Fabricatkm  Experience  widi  CEB  AFs  Production  SRF  Cavities — J.  Mammosser, 

P.  Kneisel,  J.F.Benesch,  CEBAF  .  947 

MicroidKUiic  Analysis  of  Cryo-Module  Design — A.  Marziali,  H.  A.  Sckwettman,  Stanford  U.  .  950 

The  Design  of  a  Pill-Box  Cavity  widi  Waveguide  HOM  Suppressors  — A.  Massarotti,  G.  D’Auria,  A.  Fabris, 

C.  Pasotti,  C.  Rossi,  M.  Svandrlik,  Sine.  Trieste  . . .  953 

Power  Conditioning  of  die  RF  Cavities  for  ELETTRA  —  A.  Massarotti,  G.  D’Auria,  A.  Fabris,  C.  Pasotti, 

C.  Rossi,  M.  Svandrlik,  Sine.  Trieste  .  956 

Hi^  Power  Test  of  a  SLED  System  widi  Dual  Side- Wall  Coupling  Irises  for  Linear 

Colliders  —  H.  Matsumoto,  H.  Baba,  A.  Miura,  S.  Yamaguchi,  KEK  .  959 

PerfiMinance  Tests  of  a  Ferrite-Loa^  Cavity  Under  Opnation  Qmditions  —  S.  Papureanu,  Ch.  Hamm,  A.  Schnase, 

H.  Meuth,  JUlich  .  962 

cue  Transfer  Structure  (CTS)  Simulatitms  Using  "MAFIA" — A.  Millich,  CERN  .  965 

Magnetron  Sputtering  Co^guration  for  Coating  1.3  GHz  Cavities  with  a  Nb  Film — M.  Minestrini,  M.  Ferrario, 

S.  KuUnski,  INFN-LNF;  S.  Tazzori,  INFN  Roma  . . .  968 

Accelnator  Structure  for  Low-Energy  Electron  Beam — A.  V.  Mishin,  MEPI  Moscow .  971 

Hitler  Order  Mode  Danqiers  for  die  KAON  Booster  Cavity — A.  K.  Mitra,TRIUMF  .  974 

Design  and  Fabrication  of  a  Fbirite-Liiied  HOM  Load  for  CESR-B — D.  Mqffat,  P.  Barnes,  J.  Kirchgessner, 

H.  Padamsee,  J.  Sears,  M.  Tigner,  A.  Tribendis,  V.  Veshcherevich,  Cornell  .  977 

High-Beta  Lmac  Accelerating  Structure  —  V.  G.  Andreev,  G.  /.  Batskikh,  B.  /.  Bondarev,  B.  P.  Murin,  MRTl  .  S180 

Design  of  a  90°  Overmoded  Waveguide  Beml  —  C.  Nantista,  UCLA;  N.  M.  KroU,  UCSDISLAC; 

E.  M.  Nelson,  SLAC  .  983 

Numerical  Simulation  of  Coupler  Cavities  for  Linacs  —  C.-K.  Ng,  H.  Deruyter,  K.  Ko,  SLAC  .  986 

Vobmt  1:  1-747 
VobmtZ:  748-1640 
VeUmtS:  1641-2545 
VoUm*4:  2546-3218 
Vobim€5:  3219-3933 


Prooe^dblgs  efAe  1993  PartideAccelarator  Conference 

TBSLA  Vorticd  TflM  Dcwv  Ccyt^enic  and  Mechinical  Design  —  7.  H.  Nicol,  D.  E.  Arnold,  M.S.  Champion, 

FHAL  .  989 

Update  of  the  IBISTAN  Siqiercoodiicttaf  RF  SyMnn  —  5.  Noguchi.  K.  Akai,  E.  Kako,  K.  Kubo,  T.  Shishido, 

KEK  .  992 

Otyoaiat  for  a  Bean  Teat  wtti  foe  CESR-B  Cavity  —  E.  Nordberg,  P.  Barnes,  R.  Ehrlich,  J.  Kirchgessner, 

D.  M^tger,  D.  Moffbt,  H.  Muller,  H.  Padamue,  J.  Sears,  K.  She,  M.  Tigner,  CwtuII:  W.  Fox,  LANL; 

H,  Heinrichs,  U.  Wiqtpertal  .  995 

A  Statistical  Model  for  Field  Emission  in  Sityercondncting  Cavites  —  H.  Padamsee,  K.  Green,  W.  Jost,  B.  Wright, 

Cornell  . 998 

Design  and  Test  of  Prototype  Cavities  for  foe  ELFA  Linac  —  G.  Bellomo,  R.  Parodi,  G.  Gemme,  P.  Fabbrkatore, 

R.  Musenich,  B.  Zhang,  BfFN .  1001 

Frequency  Domain  Determination  of  foe  Waveguide  Loaded  0  for  foe  SSCL  Drift  Tkibe  Linac — J.PetiBo, 

W.  Krueger,  A.  MondeVi,  SAIC;  J.  Potter,  AccSys  Technology  .  1004 

Some  Oporatkmal  Characteristics  of  C^AF  RF  Wind^s  at  2  K  —  H.L  Phdl^s,  C.  Reece,  T.  Powers, 

V.  Nguyen-Tuong,  CEBAF  .  1007 

Fhotoenussiao  Phmiomena  on  CEBAF  RF  Windows  at  Ctyogenic  Temperatures  —  7.  Powers,  P.  Kneisel, 

M.  VaUfya,  CEBAF  .  1010 

Fabrication  of  foe  APS  Storage  Ring  Radio  Hequency  Accelerating  Cavities  —  K  Primdahl,  J.  Bridges.  F.  Depaola, 

R.  Kustom,  ANL:  D  Snee,  FNAL  . 1013 

Perftxmance  of  Productimi  SRF  Cavities  fin'  CEBAF  —  C.  Reece,  J.  Benesck,  P.  Kneisel,  P.  Kushnick, 

J.  Mammosser,  7.  Powers,  CEBAF  . 

A  New  15  MHz,  4  MV/m  RF-Deflector  for  fon  Mnnidi  Heavy  Ion  Recoil  Spectrometn  (MRS) —  K.  Rudolfdi, 

P.  Jaenker,  U.  Munich  . 1U19 

Superconducting  Muttkell  Cavity  Devetepmait  Program  at  Los  Alamos — B.  Rusnak,  G.  ^palek,  E.  Gray, 

J.  N.  DiMarco,  R.  DeHaven,  J.  Novak,  P.  Walstnm,  J.  Zumbro,  H.  A.  Thiessen,  J.  Langenbrunner,  LANL  ..  1021 

L-Band  Superconducting  Cavities  at  KEK  for  TESLA  —  K.  Saito,  S.  Nogudii,  E.  Kako,  M.  Ono,  7.  Shishido, 

7.  Tajima,  M.  Matsuoka,  H.  Miwa,  7.  Suzjdd,  H.  Umezawa,  KEK  .  1024 

Design  of  a  HOM  Danced  Cavity  for  foe  ATF  Dancing  Ring  —  5.  Sakanaka,  K.  Kubo,  T.  Higo,  KEK  .  1027 

Measurement  of  KBcrowweftopttties  of  X-BandAcoderating  Structure  Under  Pulsed  High-Power  Operation  at  Liquid 

Nitrogen  Tenqieiature  —  A.  /.  Saversky,  /.  S.  Shchedrin,  MEPI  Moscow .  1030 

RF  Systems  Engineeting  for  foe  SSC  Collider  Rings  —  G.  Schaffer,  P.  D.  Coleman,  R,  E.  Mustaine,  J.  D.  WaUace, 

X.  Q.  Wang.  Y,  Zhao.  J.  D.  Rogers.  SSCL  .  1033 

Impedance  Cakulatiims  fot  a  Coaxial  Liner  —  M.  Filtz,  7.  Scholz,  TU  Berlin .  1036 

Design  ci  a  High-Power  Test  Model  of  foe  PQ*-n  RF  Carity — H.  D.  Schwarz,  R.  A.  Bell,  J.  A.  Hodgson, 

J.  G.  Judkins,  K.  Ko,  N.  Kroll.  C.  K.  Ng,  R.  P.  Pendleton,  K.  Skarpaas,  SLAC;  G,  Lambertson,  R.  Rimmer, 

LBL;  M.  S.  deJong,  7.  Tran-Ngoc,  F.  P.  Adams,  M.  G.  Upsett,  W.  MeUors,  AECL .  1039 

Constmcrion  of  a  Siqwsoonducting  RFQ  Structure  —  K,  W.  She^d,  W.  L.  Kennmfy,  ANL; 

K.  R.  Crandall,  AccSys  Technology  .  1042 

Niobium  Coaxial  Quarter-Wave  Cavities  for  foe  New  Delhi  Booster  Linac  —  K.  W.  Shepard,  ANL;  A.  Roy, 

P.  N.  PotukucM,  Nuc.  Science  Ctr.,  New  Delhi  .  1045 

Design  of  High  Power  Model  (tfDanq>ed  Linear  Accekrating  Structure  Using  Choke  Mode  Cavity  —  7.  Shintake, 

KEK  .  1048 

Siqipiession  of  Longitadinal  Coiq>Ied-Bonch  Instability  Using  Energy  Storage  Cavity  in  B-Factoty  RF  System  — 

7.  Shintake.  KEK  . 1051 

A  Two-Gap  Booster  Synchrotron  RF  Cavity  —  W.  R.  Smythe,  D.  C.  Van  Westrum,  U.  Colorado  .  1054 

HOM  (Hi^ier-Order  Mode)  Test  of  foe  Storage  Ritig  Single-Cell  Cavity  wifo  a  20-MeV  e'  Beam  for  foe  Advanced 

Photon  Sotnce  (APS)  —  J.  Song,  Y.  W.  Kang,  R.  Kustom,  ANL  .  1057 

Performance  of  a  1500  MHz  Niobiuim  Cavity  wifo  2K-LHe  Channel  Cooling  —  J.  Susta,  P.  Kneisel,  M.  Wiseman, 

CEBAF  .  1060 

Large  Scale  Production  at  Ansaldo  of  352  MHz  Niobium  Coated  LEP-CERN  Cavities:  Development  Activities  and 

First  Results  —  A.  Bbdo,  P.  GagUardi,  M.  Marin,  5.  Moz,  W.  Sciutto,  F.  Terzi,  G.  Zoni,  Ansaldo  .  1063 

RF  Hardware  Development  Waft  for  foe  die  Drive  Benn  —  G.  Carrm,  L  Thomdahl,  CERN  .  1066 

Accelerating  Frequency  Shift  Minimization — A.  V.  Tiunov,  V.  /.  Shvedunov,  INP  Moscow  .  1069 


SMS  votwM  btglm  tUt  fim-iMbmu  $abk  toMtmu 
mtii  wM  dW  mrktr  Mnt.  Tkt  ekatmtHfi 

fartword  a  OH  af  tonfartnet  ertamUm  and  naff 
appaar  at  ftaat  atauar  la  Vabaaa  t.  A  Un  af  acaftraaet 
panmpaau  prtaadu  (S*  aaiAat  tadax  la  Vabaaa  5. 


Five-Volume  Contents 


Calcttlatioos  and  Model  IfeasuieiiiMtts  for  die  Eutnpe  Cavity — J.  A.  vmder  Hade,  M.  J.  A.  RiMngh, 

W.  J,G.M.  Kleeven,J.  I.  M.  Batman,  C.J.Ttmmarmtms,  H.L.HagedoorH,  Eindhoven  U.  of  Tedi.  .  1072 

APLE  Acoekndor  Piolo^pe  CaviQr  Fabrication  and  Low  Power  Tests — A.  M.  Vetter,  T.L.  BuUer,  T.  D.  Hayward, 

D.  R.  Smith,  V.  S.  Starkovich,  Boeing  DAS  .  1075 

Nbchanicalfy  ‘nmed  Acceferating  Resonators  —  F.  A.  Vodopianov,  MRTI  .  1078 

Industrial  Fabrication  of  SiqierconAicting  Accelentors — D.  Dasback,  R.  Fledt,  D.  KieUmann,  M.  Peiniger, 

H.  Vogel,  Siemens  AG  .  1080 

Bioadbud  Higber-Order  Mode  (HOM)  Damper  for  SSC  LEB  Fenite-Tlined  Cavity — L.  Walling,  G.  H$dsey, 

T.  Grimm,  SSCL  .  1083 

Design  of  die  Detuned  Accelerator  Structure  —  J.  W.  Wang,  E.  hi.  Nelson,  SLAC  .  1086 

Construction  an  RF  Cavity  for  the  LNLS  Synchrotron  —  D.  Wisnivesky,  IFGW!  VnicampILNLS  Brazil: 

M.  A.  Remy,  R.  H.  A.  Farias,  LNLS  Brazil  .  1089 

Field  Emitted  Elecfton  Trigectoties  for  die  CEBAF  Cavity  —  B.  C.  Yunn,  R.  hi.  SundeUn,  CEBAF  .  1092 

Study  on  TESLA  Cavity  Shape  —  D.  2m,  J.  Chen,  Beijing  V.  .  1095 

Power  Teclrntriogy  and  Mbcellaneous  Subsystems  Chair:  D.  Reid 

Regulatum  Loops  for  die  Ring  Magnet  Power  Siqiplies  in  the  SSC  Accelerator  Com|>lex  (Invited  Paper)  — 

E.  J.  Tacconi,  C.  F.  Christiansen,  SSCL  .  1098 

High  Power  CW  Klystrode®  Amfdifier  for  267  MHz  —  M.  B.  Shrader,  D.  H.  Preist,  R.  N.  Tomoe, 

Varian  .  1103 

Develofment  of  Multimegawatt  Klystrons  for  Linear  CoUkto  —  G.  Caryotakis,  R.  Collin,  K.  Eppley,  T.  Lee, 
k.  Font,  R.  Fowkes,  H.  Hoag,  C.  Pearson,  R.  Phillips,  S.  Tantawi,  A.  Vlieks,  E.  Wright,  SLAC: 

E.  Lien,  Los  Altos,  CA:  G.  Miram,  Atherton,  CA  .  1106 

CEBAFs  New  RF  Sepandor  Structure  Test  Results  —  R.  Kazimi,  J.  Fugitt,  A.  Krycuk,  C.  K.  Sinclair,  L. 

Turlington,  CEBAF  .  1109 

Frequency-Domain  Analysis  of  Rescmant-Type  Ring  Magnet  Power  Supplies — J.  M.  S.  Kim,  U.  Victoria: 

K.  W.  Reiiuger,  TRIUMF  . .  1112 

The  Workshop  on  Microwave-Absorbing  Materials  for  Accelerates  —  1.  E.  Campisi,  CEBAF. .  1115 

Poster  presentations: 

Analysis  and  Applications  Quadrature  Hybrids  as  RF  Circulators  —  S.  M.  Hanna,  J.  Keane,  NSLS-BNL  .  1118 

Flowe-Petal  Mode  Convertn'  for  NLC  —  H.  A.  Hoag,  S.  G.  Tantawi,  H.  Deruyter,  Z  D.  Farkas,  K.  Ko,  N.  KroU, 

T.  L.  Lavine,  A.  Menegat,  A.  E.  Vlieks,  SLAC  . . .  1121 

Development  of  an  S-Band  RF  U^ndow  for  Linear  Colliders — A.  Mima,  Grad.  U.JbrAdv.  Studies: 

H.  Matsumoto,  KEK  .  1124 

Higk  Power  Test  of  RF  Window  and  Coaxial  Line  in  Vacwim  —  D.  Sun,  M.  Champion,  M.  Gormley,  Q.  Kerns, 

K.  Koepke,  A.  Moretti,  FNAL  .  1127 

Mode  Selective  Directional  Copier  for  NLC  —  S.  G.  Tantawi,  SLAC  .  1130 

Window  Design  with  MAFIA  —  W.  Bruns,  H.  Henke,  B.  Uttmann,  R.  Lorenz,  TV  Berlin .  1133 

Dead-Time  Timing  a  Pulsed  RF  Cavity — P.  Balleyguier,  CEA,  Bruyires  k  Chdtel  .  1136 

Requency  Qmtrol  of  RF  Booster  Cavity  in  TRIUMF  —  K.  Fong,  M.  Laverty,  TRIUMF  .  1139 

The  Phase  Servo  Tuner  Control  System  of  die  ALS  500  MHz  Cavity  —  C.  C.  Lo,  B.  Taylor,  LBL  .  1142 

The  Low  Level  System  for  die  ELETTRA  RF  Plants — A.  Massarotti,  G.  D'Auria,  A.  Fabris,  C.  Pasottt,  V.  Rizzi, 

C.  Rossi,  M.  Svandrlik,  Sine.  Trieste  .  1145 

A  Pulse  Sequoacm:  for  the  KAON  Factory  Beam  Chopper — G.  Waters,  D.  Bishop,  M.  J.  Barnes,  G.  D.  Wait, 

TRIUMF  .  1148 

A  Dual  I^equency  Resonator  —  P.  Lorn,  M.  Upnicky,  M.  Zach,  TRIUMF  .  1151 

The  Los  Alamos  VXI-Based  Modular  RF  Control  System  —  S.  P.  Jachim,  C.  Somek,  E.  F.  Natter,  A.  H.  Regan, 

J.  Hill,  L.  Eaton,  W.  D.  Gutscher,  M.  Curtin,  P.  Denney,  E.  Hansberry,  T.  Brooks,  LANL  .  1154 

Qeneial  Overview  of  ^  APS  Low-Level  RF  Contrtd  System — J.D.  Stepp,  J.F.  Bridges,  ANL  .  1157 

Operation  of  New  RF  Drivers  for  die  Bevatron  Local  Iqiector — J.  Calvert,  J.  Elkins,  D.  Howard,  M.  Hid, 

N.  Kellogg,  A.  Lindner,  R.  Richter,  LBL  .  1160 

432-MHz  RF  Source  for  the  JHP  Proton  Unac  —  M.  Ono,  S.  Anami,  H.  HanaU,  Z  Igarashi,  M.  Kawamura, 

T.  Kubo,  C.  Kubota,  K.  Kudo,  E.  Takasaki,  T.  Takenaka,  KEK  .  1 163 

VoboM  I:  1-747 
Vebmtt;  74S-1640 
VUMmti:  I641.ZS4S 
VebuHtS;  2S46-321S 
VebmuS;  32I9-S933 


FroetaUnfs  cfike  1993  Pm^de  Accekratar  Conference 

Teat  Ranto  of  Oe  AOS  Booster  Low  Rsipieiicy  RF  System  —  Jt  7.  Sanekrs,  P.  Cameron,  R.  Damm,  A.  Dmbar, 


M.  OoUman.  D.  Kaaka,  A.  MeNemey.  M.  Metk,  A.  Rattl,  R.  Spin.  BNL  .  1166 

De^  and  TMtResalti  of  s6Q(McW  Tetrode  Aiqrtiflerfer  As  SupsfcmiductiiigSiqierCkdlider — D.KReet, 

D.L.Briuatn,LANL:J.M.Orippe,O.Man^,SSCL  .  1169 

OoBcqptBSl  Desifn  <rf  die  26.7.  MHz  RF  System  for  RHIC — 7.  Rtae.  D.  P.  Deng,  R.  McKevie-Wilsoii. 

W.  PirU.  A.  Retti.  BNL  .  1172 

Openikm  of  a  Hifb-Fower  CW  Klystrode  with  the  RFQl  Facility —7.  Y.  Sheikh.  A.  D.  Davidson. 

G.  E.  McMichael,  L  W.  Shankkmd,  B.  H.  Smith.  AECL,  Chaik  River  .  1175 

Design  ud  Results  of  a  1.3  MW  CW  Klytiroo  for  LEP  —  E.-G.  Sckweppe,  R.  Bachmor,  E.  Demmel, 

Philips  RHW  .  1178 

btedeaved^^  and  Narrow  Pulses  for  die  KAON  Factory  1  MHz  Chopper — G.D.  Wait,  M.J.  Barnes, 

D.  Bishop.  G.  Waters.  TRIUMF  .  1181 

Consideratioos  Regarding  die  Efficiency  High  Power  RF  Sources  for  Particle  Accelerators — G.  Clerc,  C.  Beorzatto, 

M.Bres,G.FaiBoH,Ph.Guidee.  Thomson  Tubes  Elect.  .  1184 

Initial  Committiooing  of  High  Power.  Long  Pulse  Klystrons  for  SSC  Injecbx  Linacs  —  P.  Collet,  7.  C.  Terrien, 

Ph.  Guides,  Thomson  Tubes  Elect.  .  1187 

Simulation  of  Traveling-Wave  Output  Structures  for  Hi^  Power  rfTtibes  —  K.  R.  Bppley,  SLAC  .  1190 

Upgrade  of  an  RF  Source  cd  the  Linac  for  die  B-Factory  Project — S.  Fukuda,  S.  Ana^,  Y.  Saito,  S.  Michizono, 

K.  Nakao.  I.  Sato.  KEK  .  1193 

High-Power  RF  Pulse  Coatpnaskm  widi  SLED-II  at  SLAC  —  C.  Nantista,  UCLA;  Z  D.  Farkas, 

T.  L.  Lavine,  A.  lienegat.  R.  D.  Ruth.  S.  G.  Tantawi.  A.  E.  Viieks.  SLAC;  N.  M.  KroU.  UCSD  .  1196 

Rigid-Beam  Model  aHigh-Bfficimcy  Magnicai — D.  E.  Rees,  P.  7.  TdUerico,  LANL; 

S.  7.  Humphries.  Jr..  UNM  .  1199 

Hi^  Power  Opermion  Results  of  the  X-Band  SLED  System — S.  Tokumoto,  H.  Mizmo,  KEK;  O.  Azuma, 

ttU  Japan  .  1202 

Autmnated  Testing  of  a  High-Power  RF  Microwave  Ttibe — A.  Young,  D.  E.  Rees,  A.  Vergamini,  LANL  .  1205 

Two-Klystron  Binary  Pulse  Compression  at  SLAC  —  ZD.  Farkas.  T.  L  Lavine,  A.  Menegat,  A.  E.  Viieks, 

J.  W.  Wang.  P.  B.  Wilson.  SLAC  .  1208 

New  Coit^iact  Mo^  Converters  for  SLAC  RF  Pulse  Power  Conqiresskm  System  —  G.  Luo,  StRC  Taiwan  .  1211 

Peifonnmice  of  Litnm  805  MHz,  12  MW  Klystrons^  Q.  Kerns,  M.  B.  Popodc,  C.  Kerns,  A.  Moretti,  FNAL  .......  1214 

Highar-Order  Modes  in  die  APS  Storage  Ring  Waveguides  —  S.O.  Brauer,  R.  L.  Kustom,  ANL  .  1217 

The  Design  and  Production  of  die  Higher-Order-Mode  Loads  for  CEB  AF  —  l.E.Campm,LK.  Summers. 

B.  H.  Bransrm,  A.  M.  Johnson,  A.  Betto,  CEBAF . .  1220 

The  High  Level  RF  Systnn  for  Ttai^tmi  Crossmg  Without  RF  Focusing  in  the  Main  Ring  at  Fermilab  —  7.  Dey, 

C.  M.  Bhat,  A.  Crawford,  D.  Wildnum,  FNAL  . . .  1223 

RF  System  of  die  CW  Race-Trade  Mkrotrcm-Recoperator  for  FELs  —  V.  Arbuzov,  S.  Beiomestaykh,  A.  Bushnyev, 

M.  Fomin,  N.  Gavrilov,  E.  Ganiker,  A.  Kondakov,  I.  Kuptsov,  G.  Kurkin,  V.  Petrov,  I.  Sedyarov, 

V.  Veshcherevich,  BINR,  Russia .  1226 

Three  Years  (rf  Opmatkmal  Eiqietimce  widi  die  LS*  RF  System — S.  Hansen,  CERN  .  1229 

Measured  Performance  of  the  GTA  RF  Systems — P.  M.  Denney,  S.  P.  Jachin,  LANL  .  1232 

Improved  RF  System  for  Aladdin  —  K.  7.  Kleman,  SRC  Madison  .  1235 

The  ALS  Storage  Ring  RF  System  —  B.  Tayior,  C.  C.  Lo.  K.  Baptiste,  7.  GuigU,  7.  Julian,  LBL  .  1238 

The  l^igrade  Project  for  die  Iff  System  for  die  BrooUiavmi  AOS  — 7.  M.  Braman,  D.  7.  Ciardullo,  T.  Hayes, 

M.  Metit,  A.  7.  McNemey,  A.  Otis,  W.  PtM,  R.  Sanders,  R.  ^itz.  F.  Toldo,  A.  Zaltsman,  BNL  .  1241 

Accqitance  Test  Performance  (rf  die  Rodeetdyne  Radio  Fkequency  Power  Systnn  —  M.  Curtin,  J.  Hall,  P.  Metty, 

RockeUfyne;  E.  Gower,  J.  Manca,  K.  Whithorn,  Titan-Beta  Corp . 1244 

The  LEP  n  Iff  Power  Generation  System  —  H.  Frischholz,  CERN  .  1247 

Overview  and  Status  of  RF  Systems  for  die  SSC  Linac — 7.  Mynk,  J.  Grippe,  R.  1.  Cutler, 

R.  Rodriguez,  SSCL  .  1250 

Possibilities  tmd  Limitations  for  a  Fully  Digital  RF  Signal  Synthesis  and  Cradtol —  H.  Meudi,  A.  Schnase, 

H.  Hailing.  JaUA  . - .  1253 

RF  System  Analyses  for  die  SSC  Collider  Rings — 7.  D.  Rogers.  P.  D.  Coleman,  G.  Schaffer,  J.  D.  Wallace, 

X.  Q.  Wang.  Y.  Zhao.  SSO.  .  1256 

FEP-n  Prototype  Klystron  —  W.  R.  Fowkes,  G.  CaryotaUs.  T.  G.  Lee,  C.  Pearson,  E.  L.  Wright,  SLAC  .  1259 


Eaek  MiMM  btpMs  wUk  Mi  jtw-iwbBM  mN(  iif  ecMmu 
mW  mb  wM  mt  Mt-vobrnm  mWur  IMut.  Th*  dmbmmfi 
Jmmtrd  mi  •Uttef  emfirmei  cnmbsn  mi  mg 
vtfmr  mpom  mamr  Im  Vobm*  I.  A  tbt  qf  empmm 
fWibpmm  pneiiu  M  mWbr  taSn  te  Vetmm  5. 


Five’Volume  Contents 


Low  Cott  Coactptt  to  Redooe  the  Voltefe  R4>l>fe  of  Ae  DC  Power  Stqipiy  —  Y.  Cheng,  K.  Uu, 

5RftC  r«hwM  .  V262 

Magnet  PhwerSivirtySyilnn  for  teALSStofige  Ring  eadBooeter—I^r./odbiHi,  AT.  LMdURl,/.  Lett.  LAL  ....  126S 

De^  end  Ilbvekvamit  (MT  B^hur  Power  Si^ly  for  APS  Stonge  Ring  Correctott  —  Y.  G.  Kang,  ANL  .  1268 

Ciic^  Deecf^ptkn  of  Ui%>lar  DC>ti>-DC  Converters  tar  APS  Stonge  Ri^  Quednqpoles  and  Sextup^  — 

D.  a.  McGhee,  ANL  . .  1271 

PLL  Stdieyrtem  for  NSLS  Booster  Ring  Power  Supplies — 7.  Murray,  Stony  Brook;  R.  Olsen,  J.  Dabrowski, 

BNL  .  1274 

Control  and  Peifonnatioe  of  the  AC^  and  AGS  Booster  Main  Magntt  Power  Siqiplies — R.  K.  Reece,  R.  Casetta, 

B.  Culwick,  J.  Geller,  /.  Mameris,  J.  Sandberg,  A.  Soukas,  S.  Y.  Zhang,  BNL  .  1277 

HierBchical  Modelling  of  liae  Comimitated  Power  Systems  Used  in  Particle  Aoceknton  Sabo- — 

J.  A.  Reimund,  SSCL  .  1280 

todependent  Resonant  System  Tracking  Qmsiderations  —  K.  W.  Reiniger,  TRIUMF  .  1283 

Electrical  Characteristics  of  foe  SSC  Low-Energy  Booster  Magnet  System — A.  Young,  B.  E.  Shaftr,  LANL  . .  128S 

Analyris  and  Design  of  a  Hii$i-Cunent,High-Voltage  Accurate  Power  Siqtply  for  the  AK  Storage  Ring — 

M.  FaBdzpdeh,  ANL  .  1288 

Design  of  foe  HIMAC  Synchrotron  Power  St^tfdy  —  M.  Kumada,  K.  Sato,  A.  Itano,  Af.  Kcauu/tmt,  E.  Takada, 

K.  Noda,  Af.  Sudou,  T.  Kohno,  H.  Ogowa,  5.  Yamada,  Y.  Sato,  T.  Yamada,  A.  Kitagawa,  J.  Yoshizpwa, 

T.  Murakand,  Y.  Hirao,  NIRS;  S.  Matsumoto,  Dohkyo  U.;  H.  Sato,  T.  Su^,  T.  Koto,  K.  Endo,  KEK; 

K.  Udno,  TsubAa  Tech.;  K.  Takada,  U.  Tsukuba;  A.  Noda,  Kyoto  V.;  T.  Tanabe,  S.  Watanabe,  INS; 

S.  Koseki,  H.  Kubo,  Hitachi .  1291 

A  2-Megawalt  Load  for  Testing  High  Voltage  DC  Power  Supplies — D.  Horan,  R.  Kustom,  Af.  Ferguson, 

K.  Primdahl,  ANL  . 1294 

Energy  Storage  fodactar  for  foe  Low  Energy  Booster  Resonant  Power  Stqiidy  System  —  C.  Jach,  SSX3L; 

A.  MedvedlU>,S.  Petrov,  mP  Moscow;  V.  Vinnik.  Y.  Fishier,  UETM  Russia  . .  1297 

A  High  Power  Water  Cooled  Resistor  for  foe  Hi^  Voltage  Power  Supply  in  foe  TRIUMF  RF  System — K.  Jensen, 

G.  Blaker,  R.  Kuramoto,  TRIUMF  .  1300 

Rlameat  Power  Sq^Piy  Invroveinein  foe  TRIUMF  RF  System  —  A.  K.  Mitra,  J.  J,  Lu,  TRIUMF  .  1303 

Advances  in  the  Development  of  foe  Nested  High  Voltage  Generator — R.  J.  Adler,  R.  /.  Richter-Sand, 

NorA  Star  Res.  Carp.  .  1306 

High-Power  Klysiron  Mbfodmor  Using  a  Pulse-Forming  Line  and  Magnetic  Switch — Af.  Akemoto, 

S.  Takeda,  KEK  . 1309 

A  Conqiact  Modulator  for  RF  Source  Developmmit  —  J.  D.  tvers,  G.  S.  Kerslick,  J.  A.  Nation,  L.  Schachter, 

Cornell  . 1312 

High  Power  Pulse  Modulator  for  PLS  Linac  —  S.  H.  Nam,  Af.  H.  Cho,  J.  S.  Oh,  S.  S,  Park,  W.  Namkung, 

POSTECH  . 1315 

Pulae  Modulator  Developmeits  in  Support  of  Klystron  Testing  at  SLAC  —  R.  F.  Koontz,  R.  Cassel,  J.  de  Lamare, 

D.  FUMn,  S.  Gold,  K.  Harris.  SLAC  .  1318 

A  Blmnlein  TVpo  Modulator  for  100-MW  Class  X-Band  Klystron — H.  Mizuno,  KEK;  T.  Majbna,  S.  Sakamoto, 

Y.  KobayasM,  IHl  Japan  . . . . .  1321 

Noise  Reduction  Tedmkpies  Used  on  foe  Hi^  Power  Klystroo  Modulators  at  Aigonne  National  Laboratory — 

T.  J.  RusseU,  ANL  .  1324 

Novel  Gigawatt  Power  Modulator  for  RF  Sources — I.  Yampolsky,  G.  Kirkman,  N.  Reinhardt,  J.  Hur,  B.  Jiang, 

Integrated  App.  Physics  Inc.  .  1327 

Opthnization  of  Sp^-Up  Networic  Conqxment  Values  for  the  30  Q  Resistively  Terminaled  Prototype 

Kicker  Magnet  —  Af.  /.  Barnes,  G.  D.  Wait,  TRIUMF  .  1330 

Test  Results  of  foe  8.35  kA,  15  kV,  10  pps  Pubn  for  foe  Elettra  Kickers  —  R.  Fabris,  P.  TosoUrd,  Sine.  Trieste  ....  1333 

Prriiminaty  Testing  the  I^  to  MEB  IVansfer  Kicker  Modulator  Prototype — G.  C.  Pappas,  D.  R.  Askew, 

SSCL  . 1336 

A  Novel  Tedmique  for  Poising  Magnet  Strings  wifo  a  Single  Switch — R.  J.  Saddschale,  C.  Didcey, 

P.  Mareombe,  Duke  .  1339 

Linac  Pulsed  Quad  Power  Siqiply — L.  Bartelmm,  FNAL  .  1342 

The  AGS  New  Fast  Extracted  Beam  System  Orbit  Bunq>  Pulsm' — J.  S.  Chang,  A.  V.  Soukas,  BNL  .  1345 

EqMrimental  Investigation  of  Hi^  Voltage  Nanosecond  Generators  of  Injection  System  for  SIBERIA-2  Storage 

Bing  — A.  Kadtdkov.Y.  Matveev,  BINP  .  1348 

Vctmml:  1-747 
Vebm*2;  74»-!640 
VebmtS:  J64I-2S4S 
Vobmt4;  2546-3219 
VobmeS:  3219-3933 


1351 


FwamlSKft^iig  I993PmticleAecdermor  Cot^erence 

Dilip  aad  MiadBaqr  Retite  to  a  Ite  B^poltt  RMOiMm  IMiducfe  Puller  Usiog  SCR  Switches  for  Dciviag 
Ilpcite  Poap  Mipali  It  tlw  AU  ~  G.  Slov«r,  . 


Iktiimmdfn^abmjTM^otiSmlSBBxltm»kmKidoBcUagiaetatdieS^—D.B.4mlav(m.LX.Sdmdtkr. 

SSCl  . . . . . .  1354 

DwelopMat  of  a  Hip  Qnali^  Kidoir  liipM  Syttem—J.  Dbiktl,  B.  Hwma,  C.  Jensen,  D.  QiaeU,  R.  RMy. 

l#iU-  . . . . . . . . . . . . .  1357 

CPppiiiOBt  of  PdwFiflow  Buriat  HBB  to  OoBMerliyectioowai  Potable  Mttig«tk»— it.  SbMwdhBifl^^ 

A.  1.  DroA^N.  V.  MoMov.  B.  Parker,  R.  SdtiOey,  F.  Wang,  SSQL  .  134SO 

HtpEffidoacyBeamDeflBctkaitiyPlaaarChaDadiaginBeittSiliGoaCiyitils— J:.£b«fier,M.  CUment, 

N.  Dobk,  L  Gatignon,  P.  GmfalrSm.  CBRS;  S.  P.  MgUer,  E.  Uggerhgj,  T.  Worm,  ISA-Aarhus; 

M.  Hage-AU,  P.  ^fsrt,  Sm^oiag  .  1363 

Eittactkm  ftm  toe  FemiilP  Tevoiioa  Usiag  C3iaaoeItot  wito  0  Beto  Crystal  —  G.  Jadcson,  FNAL  .  1366 

2  TiV  HBB  Beam  Abort  at  toe  SSCL  — A.  SdiaOey,  7.  BmU,  T.  Clayom,  P.  Koatr,  ff.  V.  Mokhov,  SX;L  .  1369 

ElectRNtatic  Sqita  Desip  and  Peribnoaaoe  tor  I^iectom  and  Exttactkm  to  and  from  toe  NOT-Bates  Souto  HaD  Ring 

(SHR)  —  5.  Sobctjmski,  R.  AvmiU,  M.  FaHdumdeh,  W.  Sa/^,  C.  Sibley,  MIT-Bates  .  1372 

liyertian  into  toe  Eletfra  Stocap  Ring — D.  TcmmasUd.  Sine.  TH^  .  1375 

The  S^tma  Magnets  Systom  of  Eletm— R.  F«Ms.  F.  Daelon,  M.  Glanninl.  D.  Tonanasini,  P.  TosoUni, 

Siiac.  Trieste  . . . . . . . . . .  1378 

Hip  VoltapVaciBaalnsulatian  in  Ctesaed  Magnetic  and  Electric  Fields  —  W.T.  Diamond,  AECL  .  1381 

bpctian  System  for  toe  KBERIA*2  Stotap  Ri^ — G.  Erg,  A.  Evsdgnuv,  V.  Kadmganav,  G.  Kut^fonov, 

E  Leviekev,  Yu.  Matveev,  A.  PWipchenko,  L  Schegolev,  V.  Ushakov,  BINP  . .  1384 

Hxed  Tatpt  to  CdUder  Changeover  at  AO — K.J.  Weber,  FNAL  .  1387 

Sutftce  lleafrtivi^  Teilodag,<rf  Cemmic  Acceleiator  Components  —  S.  Anders,  A,  Anders,  I.  Brown,  LBL  .  1390 

Conyeasalion«rfReidaiaSag  DBetotoeMagiiBitic  VibiatioB — Y.  Cheng,  C.  Hwang,  SRRC  Taiwan  .  1393 

Siverconducting  Cavity  IhperFtorfaniaatoe  at  CEBAF — J.MardiaU,J.PrMe,W.Stbnetder,CEBAF  .  1396 

Ibst  Resdtind  Desip  Consideratioos  for  a  SdO  MHz,  500  kW  Vacuum  Window  for  CESR-B — D.  Metier, 

P.  Barnes,  A.  Helser,J.KIrdigessn^,H.Padamsee,  Cornell  .  1399 

An  Eqtorimental  and  Aoa]^/tiealStB^<rf  a  Buoyancy  Driven  CocdingSyrtem  for  a  Particle  Accelentor — 

B.  CampbeU,  R.  RanganaJhan,  SSCL  . . . .  1402 

Collider  Bypass  IModeTheimalSimdatiaiis  and  Meaaummsnts  for  too  SSCL — C.  Rostanuadeh,G.  Tool,  SSCL  ..  1405 

Fnqueacy-Peedbadt  Tuning  for  Singlo-Ceil  Cavity  IfoderRF  Hating — J.D.Si^,J.F.  Bridges,  ANL  ...............  1408 

A  Device  of  Anptode  and  FhaaStabBization  for  toe  FEL  Injector  in  toe  L>Band  — Q.  Zhang,  X.  Wang,  Y.  &in, 

S.  Bu,  M.  Zheng,  G.  Su,  CIAE  Odna  . .  1411 

A  Jet  Neutralizer  Cono^  —  T.  E.  Horton,  V.  Mjbsissipid  . . .  1413 

Modutotor  Upgrade  <rf  toe  KEK  2.5-OeV  Lhiac — T.  Sddara,  H.  Honma,  S.  Anand,  1.  Sato,  KEK  .  1416 

NSLS  X'lUy  Ring  HP  Syston  Upgrade  —  M.  G.  Thomas,  JL  KscanS,  W.  Broome,  S.  Bu^  R.  D'Alsace,  S.  Hanna, 

J.  Keane,  P.  Mortatavi,  G.  Ramirez,  J.  M,  Wang,  NSLS-BNL  . .  . . .  1419 

A  Wide  Tuning  RanpRf  Cavity  witoExtotnal  Fertile  Biasing  — X.  Pei,  BNL:S.  Anderson,  D.Jenner, 

D.  McCammon,  T.  Sloan,  lUCF  . ’ . . . . .  1421 

Longhudinid  Rf  MrtPing  During  AOS-RHIC  Beam  Transfer — X.  Pd,  BNL  .  1424 

PtetoD  Sources  Chair:  J.Gdayda 

CeeaaAediaBaag  and  POffomuBice  d  toe  BSRF  (Invited  Paper)  — J.  L.  Laclare  and  the  Project  Team,  ESRF  .  1427 

Commissiootog  and  Performance  of  toe  Advanced  Lipt  Source  f/avtof  Paper  j  — A.Jadaon,LBL  .  1432 

Stains  of  BESSY  n.  a  Hip-BrillitticeSyndnoiionRadiatioaSoince  in  tbeVUVtoXUVRanp  f/iivited  Paper)  — 

D.  Kribner,  BESSY  . . . . .  1436 

A  Siyeioontoirting  Short  Period  Untodator  for  a  Harmonic  Oeneratioo  PEL  Eatyeriment — G.IngoId,L  Solomon, 

/.  Ben-Zvi,  S.Krinsky,  D.  U,  D.  Lwh,  J.  Shedian,  M.  Woodie,  X.  Z.  Q<u,  L  H.  Yu,  X.  Zhang, 

NSLS-BNL;  W.  San^rson,  M.  Garmet,  K.  Robins,  BNL;  L  Lehrman,  R.  Heuer,  J.  Sheehan, 

D.WelsseiAurger,  Grumman  Corp.  . . .  1439 

UV-VUV  FEL  Prog^  at  Duke  Storap  Ring  wito  OK-4  Opticsl  Ktystton  —  V.  N.  UtvUtenko,  J.  M.  J.  Madey, 

Duke;  N.  A.  Vinokurov,  BINP-Novosibirsk  . . .  1442 


SicA  wImw  AttAv  ivtA  lAii  JIppvipIhim  mMs  0f  omtutu 
mi  mO  wOe  t&  iw  wtmm  memr  Mu.  tU  mmwrn/t 

wNHtwwd  Mtkd  to  liBi  wi  ctotoAnitotot  toMtoalUBiv  totorf 

mgwv.  m  pmt  memr  U  VOmm  I.  A  Ut$  afemOnmet 
MMicAlMHli  ^Pfctoriv  lAv  totoAtfr  AHtar  In  VMmm  5* 


Five-Volume  Contents 


A  2-4  am  Ltaiac  Colieieiit  Lifiit  Soinoe  (LCLS)  Usiag  the  SLAC  Lmac  —  H.  WiiUck,  K.  Bane,  R.  Boyce.  G.  Loew, 

P.  Morton,  H.-DMikn,  J.  Paterson,  P.  Pianetta,  T.  Raubenheimer,  J.  Seeman,  R.  Tatch^,  V.  Vylet,  SLAC; 

C.  Pellegrini,  J.  Rosentweig,  G.  Travish,  UCLA;  D.  Prosnitz,  T.  Scharlemann,  LLNL;  K.  Halback, 

K.-J.  Kim.  M.  Xie.  LBL  .  1445 

The  VandmUh  Uaivenity  Cooqiloo  Scatteriog  X-Ri^  EiqMfiaieBt — P,  A  TompUns,  C,  A.  Bran,  W.  W.  Dong, 

J.  W.  Waters.  Vanderbilt  U.;  F.  E.  Carroll.  D.  R.  Pickens.  R.  R.  Price.  VUMC  .  1448 

Observmioas  (rf  Effects  of  Ion  Aocumulatioo  in  the  MaxweO  Model  1.2-400  Syndnotron  Light  Somce — 

R.  P.  JMmson  (now  at  CEBAF),  D.  Y.  Wang,  Maxwell  Labs;  H.  Bluem,  LSU  .  1451 

A  Prognss  Report  on  the  Lsbontdrio  Nackoal  de  Luz  Sfncrotxon  (Brazil) — A.  R.  D.  Rodrigues,  C.  E.  T.  Gonpalves 

da  Silva.  D.  Wisnivesky.  LNLS  Brazil  .  1454 

An  Overview  of  the  PLS  Project  —  T.  Lee,  POSTECH  .  1457 

Present  Status  of  SRRC  —  E.  Yen,  SRRC  .  1460 

Poster  presentations: 

SOLEIL,  a  New  SyndatMron  Radiation  Source  for  LURE  —  M.  P.  Level,  P.  Brunette,  P.  Marin,  A.  Nadji, 

M.  Sommer,  H.  Zyngier,  LURE;  J.  Faure,  J.  Payet,  A.  Tkatchenko,  LNS  .  1465 

Conceptual  Design  ct  a  Compact  Electron  Stonge  Riiig  System  Dedicated  to  Coronary  Angiogrq)hy  —  Y.  Oku, 

K.  Aiaawa,  S.  Nakagmva,  Kawasaki  Heavy  Ind.;  M.  Ando,  K.  Hyodo,  S.  Kamada,  PF,  KEK;  H.  Shiwaku, 

JAERI  .  1468 

Report  on  DELTA ,  One  Year  Before  Routine  Operation — N.  Marquardt,  U.  Dortmund  .  1471 

Lattke  Design  for  tte  1.7-QeV  Light  Source  BESSY  n  —  E.  Jaesckke,  D.  Kramer,  B.  Kuske,  P.  Kuske.  M.  Scheer, 

E.  Weihreter,  G.  WUstefeU.  BESSY  .  1474 

The  Syndirotron  Li^  Source  ROSY  —  D.  Einfeld,  H.  BUtdg,  S.  Dienel,  W.  Gldser,  H.  Guratzsch,  B.  Hartmann, 

D.  Janssen,  H,  Krug,  J.  Unnemann,  W.  Matz,  W.  Neumann,  W.  Oehme,  D.  Prahl,  R,  Schlenk,  H.  Tyrroff, 

Res.  Ctr.  Rossendarf:  Th.  Goetz,  M,  Picard,  U.  Bonn;  J.  B.  Murphy,  BNL;  M.  Plesko,  D.  Tomassini, 

Sinerotrone  Trieste;  R.  Rossmanith,  CEBAF  .  1477 

A  Source  (rfSynchrotrwi  Radiation  for  Research  and  Technology  Api^Bcations — •E.Bulyak,  V.  Chechetenko, 

A.  Dovbnya,  S.  Efimov,  A.  Gevchuk,  P.  Gladkikh.  /.  Kanuaihov,  V.  Kozin,  S.  Kononenko,  V.  Likhachev, 

V.  Lyashchenko,  V.  Meakav,  N.  Mocheshnikov,  V.  Moskalenko,  A.  Mytsykov,  Yu.  Popkov, 

A.  Shcherbakov,  M,  Ikrelkov,  A.  Tarasenko,  Yu.  Telegin,  V.  Trotsenko,  A.  Zelinsky,  Kharkov  Inst.; 

V.  Bor'yakhtar,  V.  Molodkin,  V.  Nemoshkalenko,  A.  Stpctk,  MetalUqrhysics  Inst. .  1480 

Optimum  Steeriitg  of  Photon  Beam  lines  in  SPEAR —  W.  /.  Corbett,  B.  Fong,  M.  Lee,  V.  Ziematm,  SLAC  .  1483 

Estri)lishment<tf  a  Tdmance  Budget  for  die  Advanced  Photon  Source  Storage  Riiig — H.Bizek.E.  Crosbie. 

E.  Lessner,  L.  Teng,  ANL  . . .  1485 

Study  of  Transverse  Coiqiled  Bundi  Imtabilities  by  Using  Non-Linear  Taylor  Mqps  for  die  Advanced  Light  Source 

(ALS)  —  M.  Meddahi.  J.  Bengtsson.  LBL  .  1488 

Plans  to  Increase  Source  Brightness  of  NSLS  X-Ray  Ring — J.  Scfiranek,  S.  Krituky,  NSLS-BNL  .  1491 

A  Design  Concqit  for  die  Inclusion  (rfSupmcooducting  Dipoles  Widiin  a  Synchrotron  Light  Source  Lattice — 

M.  W.  Poole.  J.  A.  Clarke,  S.  L.  Smith,  V.  P.  Sutter,  L  A.  Welboume,  SERC  Daresbury;  N.  A.  Mezjerttsev, 

BINP  Russia  .  1494 

A  Conceptual  Design  and  Thamal  Analysis  of  Hi^  Heat  Load  Crotch  Absorbm  —  I.  C.  Sheng.S.  Sharma, 

E.  Rotela,  J.  Howell,  ANL  .  1497 

Thermal  Analysis  of  die  Bemn  Missteering  in  APS  Storage  Ring  —  I.  C.  Sheng,  J.  Howell,  S.  Sharma.  ANL  .  15(X) 

Dynamic  Response  Analysis  of  die  LBL  A^anced  Light  Source  Synchrotron  Radiation  Storage  Ring — K.  K.  Leung, 

SSCL  .  1503 

The  Study  ci  Seismic  ^nbratkm  of  SR  Source  "Zelenograd"  —  5.  Kuznetsov,  Kurchatov  Inst.;  E.  Levichev, 

BINP  .  1506 

Nfeasurement  of  die  Orbit  Parameters  at  SOR-RING  —  H.  Kudo,  K.  Shinoe,  H.  Takaki,  T.  KoseU,  H.  Ohkuma, 

Y.  Kamtya,  ISSP  Tokyo  .  1509 

Challenging  Issues  Dming  ESRF  Storage  Ring  Commissioning — A.  Ropert,  ESRF  .  1512 

Ujpgrading  to  SCXlmAtrfte  Stored  Beam  Cun^  at  SORTEC  1-GeV  Soi^  Facility — M.  Kodaira,  N.  Awaji, 

T.  Kishbnoto,  K.  Mukugi,  M.  Watanabe,  SORTEC;  T.  lida,  H.  Tsuchidate,  Mitsubishi  Corp .  1515 

Performance  of  Upgraded  SORTEC  1-OeV  500-mA  SR  Source  Fa^ty  —  T.  Kishimoto,  M.  Kodaira.  N.  Awaji, 

K.  Mukugi,  M.  Araki,  SORTEC;  Y.  Kijima,  M.  Haraguchi,  Mitsubishi  Corp .  1518 

VoUm*  1:  1-747 
VoboMt;  74S-I640 
VobmtJ;  1641-2545 
Velmmi4:  2546~521B 
Vobmu5:  3219-3935 


1521 


1993 PaUde  Accelmtk^  Ccmfaraice 


DMip  of  TmI  Liaic  fbr  Rtee  Bkctroii  Laser — IT.  iCvif,  /.  Ko,  M.  Cho,  W.  Namkung,  POSTBCH  . 

Ite  ftwted  BLPA  Fra^ — E,  AetM,  F.  AUsstmdHa,  G.  Baecagikmi,  G.  Bellemo,  C.  Birattari,  R.  Baiifado. 

I.  Bvaeoh,  A.  BcaotB,  F.  Bnfggi,  R.  Coniiii,  L.  De  Salvo,  D.  Giave,  C.  MaroU,  P.  Pierini,  N.  PioveUa, 

MyPoBla,  G.  RbM^t^a,  L  Rossi,  G.  Varisco,  INFN/  V.  Mikut;  P.  Arcioni,  M.  Bresson,  G.  Concianro, 
mlnf  FmiOi  W.  A.  Barlem,  LBL;  G.  Gmme,  R.  Parodi,  INFN  Genova;  V.  Stagno, 

V.  Varlak.  INFN  Bart .  1524 

nesi|niartCoB80iicrtoofaChiapectfaftaRedReeElectropLas«:ClRPEL  —J.Kri3hnaswany,I.S.Lehrman. 

J.  Slbsifcni.  R-  L-  Hauer,  M.  F.  Rmuck,  R.  Hartley,  Grumman  ktroepac*.  Carp .  1527 

CobmBceaadLi]iewiddiStii^<rfa4-iimHiijhPowerFEL  —  W.  M.  FaaUy,  A.  M.  Sessler,LBL; 

E.  T.  Sckartemann,  UMU  .  1530 

PeriiaBaaaceClM«ac>Bri8Hct,OptiiniMtioB.aadEm>fT<rietancetofa4nmFELBaiedonflicSLACLinac  — 

K. -J.  Kkn,  M.  Xie,  LBL;  E.  T.  Scharlemann,  LLNL;  C.  PeUegrini,  G.  Travish,  UCLA  .  1533 

X-Ray  Beam  Lmes  and  Beam  Line  Conqxments  for  flie  SLAC  Linac  Coherent  Li^t  Source  (LCLS) — R.  Tatdtyn. 

P.  PUmetta,  SLAC  .  1536 

Fboloa  Pttbe  Hlteriog  and  Modulalioa  Baaed  oo  the  Extreme  Temporal  Con^ressiao  and  Correlated  Energy  Spiead  of 

die  Election  Bandies  in  die  SLAC  Linac  Coherent  Usjht  Source  (LCLS) — R.  Tatchyn,  SLAC  .  1539 

bftared(lR)  vs.  X-Ray  Power  Oenention  in  die  SLAC  Linac  Coherent  Light  Source  (LCLS) — R.  Tatdtyn, 

SLAC  . 1542 

Satniatton  of  a  High  Gain  PEL  —  R.  L  Gluekstem,  Maryland;  S.  Krinrty,  BNL;  H.  Okamoto,  Kyoto  U.  .  1545 

Noaerical  Studies  of  Strong  Focusing  in  Ranar  Undulation — G.  Travish,  J.  Rosemaeig,  UCLA  .  1548 

OeBsmion  of  Power  1 40  GHz  Microwaves  widi  an  PEL  for  the  MTX  Ei^eriment — 5.  L.  Allen,  C.  J.  Lasnier, 

B,  Frtker,M.  Fensmrmadur,  S.  W.  Ferguson,  S.  Fields,  E.  B.  Hooper,  S.  Hulsey,  M.  MakowsU,  J.  MoUer, 

W.  Meyer,  D.  Petersen,  E.  T,  Scharlemann,  B.  Stallard,  R.  Wood,  LLNL  .  1551 

Burst  Mode  PEL  widi  die  ETA-m  Biductioa  Linac  —  C.  J.  Lasnier,  5.  L  Alien,  B.  Felker,  M.  E.  Fenstermacher, 

S.  W.  Ferguson,  S.  D.  Hulsey,  E.  B.  Hooper,  M.  C.  Jackson,  M.  A.  Makowrtd,  W.  H.  Meyer,  J.  M.  Mcdler, 

D.  E.  Petersen,  S.  E.  Sampayan,  B.  W.  StAOard,  W.  F.  Fields,  LLNL;  K.  Oasa,  JAERI  .  1554 

DesignattlExperimentafSG-lFEL— ZHid./£ECIkuia  .  1557 

Elec^  Beam  Quality  Limitatioiis  and  Beam  Cooditkming  in  Rree  i^ectron  Lasen — P.  I^angle,  G.  Joyce,  NRL; 

B.  Hafirt,  Icarus  Res.;  P.  Serafim,  Nordieastem  U.  . .  1560 

An  Optical  ^tproadi  to  Enrittance  Conqienaatioii  in  PELS — G.R.Nrtl,H.Uu,CEBAF  .  1563 

Uhiafai^Bii^tness  Microbeams:  Considetatioiis  for  Their  Omientimi  and  Relevance  to  PEL — H.IsUzuka, 

Y.  NabdUira,  Fukutdca  Inst  Tech.;  S.  Kawasaki,  Saitama  U.;  K.  Stduunoto,  A.  Watanabe,  N.  Ogiwara, 

M.  Skiho,  JAERI  . . .  1566 

The  (hoove  Ouide:  A  Non-Coovaitioiial  Interaction  Stnicture  for  MkrowaveFQ.Exp«im«us — P.  Arcioni, 

M.  Bresson,  G.  Condauro.  U.  of  Porta;  F.  Broggi,  P.  Pierttd,  INFN  Milano  .  1569 

First  Undnlalon  fv  the  Advanced  Light  Source  —  E.  Hoyer,  J.  Akre,  J.  Chin,  B.  Gath,  D.  Humphries,  B.  Kincaid, 

S.  Marks.  P.  Pipersky,  D.  Plate,  G.  Portmann,  R.  Schlueter.  LBL;  W.  Hassenzahl.  LLNL  .  1572 

Insertion  Device  Magnet  Meaauremraits  for  die  Advanced  light  Source — S.Marks,  C.  Cork,  E.  Hoyer, 

D.  Humphries,  B.  Kincaid,  D.  Plate,  A.  Robb,  R.  Schlueter,  C.  Wang,  LBL;  W.  V.  Hassenzahl,  LLNL  .  1575 

Spectral  QuUty  of  ALS  U5.0  Undulator  and  Field  Enor  Effects  —  C.  Wisng,  S.  Marks,  B.  Kincaid,  LBL  .  1578 

Modeltag  and  Measurement  of  die  ALS  U5  Undulator  End  Magnetic  Structures — D.  Humphries,  K.  Halbach, 

E.  Hoyer,  B.  Kincaid,  S.  Marks,  R.  Schlueter.  LBL  . . . .  1581 

Flux  amnts  for  Undnfadon — E.  Hoyer,  J.  Chin,  LBL;  W.  V.  Hassenzahl,  LLNL  .  1584 

Design,  Constructiaa  and  Testing  of  hiaeition  Devices  for  ELETTRA — R.  P.  Walker,  R.  Bracco,  A.  Codutti, 

B.  DMacco,  D.  Millo,  D.  Zangrando.  Sine.  Trieste;  C.  Poloni,  U.  Trieste  .  1587 

Performance  Optimixation  <rf  Pare  Permanent  Magnet  Undulators — B.  DMacco,  Sin.  Trieste .  1590 

Magnetic  hnenetko  Effects  in  ELETTRA  S^mented  Pure  PeimanNit  Magnet  Undulators — B.  DMacco, 

R.  P.  Walker.  Sine.  Trieste  .  1593 

Planar  Helicrd  Undulator  Sources  of  Circularly  Polarized  X-Rays  —  R.  Carr.  SSRL  .  1596 

PolHized  Wiggkr  for  NSLS  X-Ray  Ring  —  A.  Friedman,  X.  Zhang.  S.  Krinsky,  E.  B.  Blum.  NSLS-BNL; 

K.  Halbaeh.  LSL  .  1599 

Magnetic  Hdd  Measnmnenis  a  Sityercorxlucting  Unchilalor  for  a  Harmonic  Greieratiaa  PEL  Eiqieriment  at  the 
NSLS  — L  Soloaum,  G.  Ingold,  I.  Ben-Zrt,  S.  Krinsky,  L.  H.  Yu,  NSLS-BNL;  W.  San^tson, 

K.  Robins,  BNL  .  1602 


WEE  MEUEE  inM  mm$  JtEE*1/mEEEE  9E99E  Ef  eOEEEEEE 

■ea  mOm  nwtww  mOwr  UStx.  n*  Orntmnft 

m  Mag  ad  tEtdEMMHH  EEEMEEmME  EUd  EkEff 

m  pmt  mentr  In  VMmm  i.  A  lung  emOnnet 
eU  mOm  bOu  lit  VnUmt  5. 


Five-Volume  Contents 


Magnetic  Peifionnance  of  the  NSLS  ProtoQrpe  Small-Gap  Undulator —  G.  Rakowsky,  R.  Cover,  Rockwell; 

L.  Solomon,  NSLS-BNL  . 1605 

Design  Coosideiations  for  a  60  Meter  Pore  Pennanmt  Magnet  Unchilator  for  ifae  SLAC  Linac  Coberent  Li^  Source 
(LCLS)  —  R.  Tatckyn,  R.  Boyce.  K.  Halbach,  H.-D.  Nuhn.  J.  Seeman,  H.  Winick,  SLAC;  C.  Pellegrini, 

UCLA  .  1608 

Adjustment  and  Measurement  of  a  Hybrid  Undulator  —  B.  Wu,  Y.  Ma,  B.  Uu,  Z  Zhang,  CIAE  China  .  1611 

Cohermt  Radiadoo  at  Submillimeter  and  Millimeter  Wavelengths  —  M.  Oyamada,  R.  Kata,  T.  Nakazata,  S.  Urasawa, 

T.  Yamakawa,  M.  Yoshioka,  At.  Ikezawa,  K.  Ishi,  T.  Kanai,  Y.  Shibtua,  T.  Takahashi,  Totudu  U.  .  1614 

SupptessioD  of  CohNent  Synchrotron  Radiatkm  in  Cowfaicting  Boundaries — R.  Koto,  T.  Nakazato,  At.  Oyamada. 

S.  Urasawa,  T.  Yarnakawa,  At.  Yoshioka,  At.  Ikezawa,  K.  Ishi,  T.  Kanai.  Y.  Shibata. 

T.  Takahashi,  Tohokn  U.  . 1617 

A  Conq>act'DmableX-Ri^  Source  Based  on  ParamMic  X-Ray  Gennation  by  Moderate  Energy  Linacs  — 

X.  K.  Maruyama,  K.  Dinova,  D.  Snyder,  Naval  Postgraduate  School;  At.  A.  Piestrup,  Q.  Li,  AdelpM  Tech.; 

R.  B.  Fiorito,  D.  W.  RuU.  NSWC  .  1620 

Fundamental  and  Harmonics  of  Thomson  Backscattered  X-Rays  from  an  Intense  Laser  Beam  —  C.  Tang,  NRL; 

B.  Hafizi,  Icarus  Res.;  S.  K.  Ride.  UCSD  .  1623 

Generatioo  of  Intensive  Lmig-Wavelengdi  Edge  Radiation  in  High-Energy  Election  Storage  Rings  —  O.  V.  Chubar, 

N.  V.  Smolyakov.  Kurchatov  Inst.  .  1626 

The  Radiation  Emission  by  a  High  Energy  Electron-Positron  Pair  and  UlUarelativistic  Hydrogen-Like  Atom  Moving 

Through  Thick  Target  —  A.  V.  Koshelkm,  AtEPI  .  1629 

Bremsstrahlung  by  die  Bunch  of  Ultrarelativistic  Qiarged  Particles  into  a  Thick  Target — A.  V.  Koshelkin,  AtEPI  1632 

Construction  and  Commissioning  of  die  SRRC  Storage  Ring  —  Y.  C.  Liu,  J.  R.  Chen,  C.  C.  Kuo.  SRRC  .  1635 

Commissimiing  a  Secrmd  Siqierconducting  Wiggler  in  the  Daresbury  SRS  —  At.  W.  Poole,  J.  A.  Clarke, 

P.  D.  (Jteiim.  5.  L  Smith,  V.  P.  StMer,  L.  A.  Welboume,  Daresbury .  1638 

Volume  3 

Hadron  RF  Linacs,  Cyclotrons,  Radioactive  Beams  Chair:  r.  Pollock 

An  Overview  of  Radioactive  Beam  Qmcepts  (Invited  Paper)  —  J.  At.  D’Auria,  TRIUAtF  .  1641 

Heavy  Icm  Beam  AocumulatkMi,  Cooling,  and  Experiments  at  die  ESR  (Invited  Paper)  — B.  Franzke,  K.  Beckert, 

F.  Bosch.  H.  Eickhoff,  B.  Franczak.  A.  Gruber,  O.  Klepper,  F.  Nolden,  P.  Raabe,  H.  Reich,  P.  Spddtke. 

At.  Stedt,  J.  Struckmeier,  GSI  Darmstadt  .  1645 

The  Research  Center  for  Nuclear  Physics  Ring  Cyclotron  (Invited  Paper)  —  I.  Atiura,  Osaka  U.  .  1650 

The  Fermilab  400-MeV  Linac  Upgrade  (Invited  Paper)  —  C.  W.  Schmidt,  FNAL  .  1655 

Use  of  die  Holifield  Facility  25-MV  Tandem  Accelerator  in  the  Oak  Ridge  Radioactive  Ion  Beam  Project  — 

C.  At.  Jones.  R.  C.  Juras,  At.  J.  Ateigs,  D.  K.  Olsen,  ORNL  .  1660 

Realistic  Modeling  of  Radiation  Transmission  Inspectimi  Systems  —  K.  E.  Sale.  LLNL  .  1663 

Overview  of  Accelerators  in  Medicine  —  A.  J.  Lennox,  FNAURush  U.  .  1666 

Cmnmissioning  of  the  First  Drift  Tube  Linac  Module  in  die  Ground  Test  Accelerator — K.  F.  Johnson,  O.  R.  Sander, 

W.  H.  Addns,  G.  O.  Bolme,  S.  Bowling,  R.  Cole.  R.  Connolly,  P.  Denney,  J.  Erickson,  J.  D.  GUpatrkk, 

W.  B.  Ingalls,  D.  Kersteins,  R.  Kraus,  W.  P.  Lysenko,  D.  AtcAturry,  C.  T.  Atottershead,  J.  Power,  C.  Rose, 

D.  P.  Rusthoi,  D.  P.  Sandovcd,  J.  D.  Schneider.  At.  &nith,  G.  Vaughn.  E.  A.  WadUnger,  R.  Weiss,  V.  Yuan. 

LANL  .  1669 

Acceleration  and  Isobaric  Sqiaration  of  Radioactive  Ion  Beams  Widi  the  Louvain-la-Neuve  Isochronous  Cyclotrons  — 

At.  Loiselet,  N.  Postiau,  G.  Ryckewaert,  U.  CadioUque  de  Louvain;  A.  Atorduev,  R.  Oganessian,  JINR  .  1672 

Linear  Acceloator  fw  Pluttaiium  Conversion  and  Transmutation  of  NPP  Wastes  —  I.  At.  Kapchinskiy,  I.  V.  Chuvilo, 

A.  A.  Kolomiets,  N.  V.  Lazarev,  I.  At.  Lipkin,  V.  K.  Plotnikov,  I.  A.  Vorobjov,  ITEP  Atoscow  .  1675 

Foster  presentations: 

Acceleration  and  Transverse  Focusing  of  Ion  Beams  in  Lineondutron  —  £.  S.  Atasunov,  AtEPI  .  1681 

Linac  Design  Study  for  an  Intense  Neutron-Source  Driver — At.  T.  Lynch,  A.  Browman,  R.  DeHaven,  R.  Jameson. 

A.  Jastm,  G.  Neuschaefer,  P.  TaUerico,  A.  Regan,  LANL  .  1683 

Vobmu  1:  1-747 
VobautZ:  74S-1640 
Vobrnti:  1641-2545 
Vobmut:  2546-J218 
VolwMcS.-  3219-5933 


Proce«dii^s<ifAe  1993  Particle  Accelerator  Cot^erence 


DesiiB  and  Opentioa  <tf  tibe  HIMAC  b^jector — r.  Murakami,  H.  Ogatua,  S.  Yamada,  Y.  Sato,  T.  Yamada, 

A.  KUt^awe,  J.  Yoshitawa,  S.  Fu,  T.  Kohao,  K.  Sato,  A.  Itano,  M.  Kumada,  E.  Takada,  M.  Kanazawa, 

K.  Noda,  M.  Sudou,  Y.  Hirao,  Nat.  Inst  Radiological  Sciences;  O.  MoriMto,  K.  Sawada, 

Sumitomo  Heavy  Ind.  .  1686 

Hnie-<tf-FU|d)t  MeasiiiemeBts  oi  Absolute  Beam  Enetsy  in  tbe  Fermilab  Linac  —  M.  B.  Popovic,  T.  L.  Owens, 

T.  K.  Kroc,  L.  J.  Allen,  C.  W.  Schmidt,  FNAL  .  1689 

Hiase  Scan  Signature  Matching  fw  Linac  Tuning  —  T.  L.  Owens,  M.  B.  Popovic,  E.  S.  McCrory, 

C.  W.  Schmidt,  L  J.  Allen,  FNAL  .  1691 

Operational  Status  of  die  Uranium  Beam  Upgrade  of  the  ATLAS  Accelerator— /t.  C.  Pardo,  L  M.  Bollinger, 

J.  A.  Nolen,  K.  W.  Shepard,  P.  BUlquist,  J.  M.  Bogaty,  B.  E.  Clifft,  R.  Harkewicz.  F.  H.  Munson, 

J.  E.  ^pecht,  G.  P.  Zinkann,  ANL  . .  1694 

One  Year  Operation  of  die  7  MeV  Prottm  Linac  —  T.  Shtrai,  H.  Dewa,  H.  Fujita,  M.  Ikegami,  Y.  Iwashita, 

S.  Kakigi,  H.  Okamoto,  A.  Noda,  M.  Inoue,  Kyoto  U.  .  1697 

The  SSC  Linear  Accelerator  —  LW.  Funk,  SSCL  .  1700 

Finalized  Design  of  die  SSC  RFQ-DTL  Matching  Section  —  M.  Haworth,  C.  Combs,  P.  Datte,  T.  Enegren, 

W.  Funk,  Y.  Goren,  F.  Guy,  J.  Hurd,  G.  Jamieson,  D.  Martin,  A.  RingwaU,  R.  Sethi,  D.  Swenson,  SSCL; 

D.  Barlow,  R.  Kraus,  R.  Meyer,  LANL  . .  1703 

Accelerator  Readiness  Review  Process  for  die  SSC  Linac  —  J.  F.  Tooker,  T.  Benke,  L  W.  Funk,  V.  Oliphant, 

SSCL  .  1706 

Cmnmissiooing  Stahis  of  the  Continuous  Wave  Deuterium  Demonstrate: — P.  Den  Hartog,  J.  Dooling,  M.  LoreUo, 

J.  Radtke,  Grumman  Aerospace;  J.  Carwardine,  D.  Godden,  G.  Pile,  Culham  Lab.;  T.  Yule, 

T.  Zinneman,  ANL  .  1709 

Design  Study  for  a  Supemmducting  Proton  Linac  Prom  20  to  100  MeV  —  T.  P.  Wangler,  R.  Garnett,  F.  Krawczyk, 

J.  Billen,  N.  Bultman,  K.  Christensen,  W.  Fox,  R.Wood,  LANL  .  1712 

Design  OmsideratioQS  for  High-Current  Siqierconducting  Ion  Linacs — J.  R.  Delayen,  C.  L.  Bohn,  B.  J.  Micklich, 

C.  T.  Roche,  L.  SagaJovsky,  ANL  .  171S 

Special  Design  Problems  and  Solutions  for  Hi^  Powered  Continueis  Duty  Linacs  —  D.  Liska,  L.  Carlisle, 

G.  McCauley,  LANL;  S.  Ellis,  P.  Smith,  Grumman  Aerospace  .  1718 

Status  of  CIAE  Medical  Cyclotron — X.  Zhang,  Z.  Li,  M.  Fan,  CIAE  China  .  1721 

A  600  MeV  Cyclotron  for  Radioactive  Beam  Production — D.  J.  Clark,  LBL  .  1724 

Develoinnent  of  a  Compact  Permanent  Magnet  Cyclotron  for  Accelerate  Mass  Spectrometry — A.  T.  Young, 

D.  J,  Clark,  K.  Halbach,  W.  B.  Kwdcel,  K.  N.  Leung,  C.  Y.  Li,  A.  Rawlins,  R.  D.  Schlueter,  M.  E.  Stuart, 

R.  P.  Wells,  LBL;  J.  X.  Yu,  Beijing  U.;  K.  J.  Bertsche,  SSCL .  1727 

Poformance  of  H*/D'  Cyclotron  Using  Internal  Source  —  T.  T.  Y.  Kuo,  TRIUMF;  G.  O.  Hendry,  Cyclotron  Inc.  ....  1730 

Operatum  of  the  TR30  "Industrial"  Cyclotron  —  K.  Erdman,  R.  Dawson,  Ebco  Tech.l7RlUMF;  B.  Milton, 

N.  Stevenson,  TRIUMF  .  1733 

Tbe  First  Year  widi  Electron  Cooling  at  CRYRING  —  K.  Abrahamsson,  G.  Andler,  L.  Bagge,  E.  Beebe,  P.  Carli, 

H.  Danared,  K.  Ehmstin,  M.  Engstrdm,  A.  Engstr&m,  C.  J.  Herrlander,  J.  Hilke,  J.  Jeansson,  A,  KSllberg, 

S.  Leontein,  L.  Liljeby,  A.  Nilsson,  A.  Padl,  A.  Pikin,  K.-G.  Rensfelt,  U.  Rosengdrd,  J.  Starker, 

M.  Vgglas,  Manne  Siegbahn  Inst  Stockholm .  1735 

Electrm  Cwling  of  Heavy  Ions  at  GSI  —  M.  Steck,  K.  Beckert,  H.  Eickhaff,  B.  Framke,  F.  Nolden,  P.  SpSdtke, 

GSI  Darmstadt  .  1738 

The  Aarhus  Storage  Ring  fe  Ions  and  Electrons  ASTRID  —  5.  P.  Mpller,  Aarhus  U.  .  1741 

Recent  Devek^mimits  at  tbe  GustafWoner  Cyclotron  and  CELSIUS  — D.  Reistad,  Svedberg  Lab.  .  1744 

Ion  Beam  Acceteration  and  New  Operatkm  Modes  at  die  TSR  Heidelberg — M.  Grieser,  D.  Hobs,  R.v.  Halm, 

B.  Hochadel,  C.  M.  KU^ffner,  J.  Liebmann,  R.  Repnow,  D.  Schwalm,  MPI  Heidelberg;  G.  Bisoffi, 

INFN  Legnaro;  E.  Jaeschke,  BESSY;  S.  Papureanu,  IFIN  Bucarest. .  1747 

A  New  Design  for  an  EMIS-CYCLOTRON  System,  for  Direct  Production  of  Gaseous  PET  Radioisotopes  — 

H.  AyvazUm,  Ion  Beam  App.  Lab .  1750 

Ihe  Chandigarh  Variable  Energy  CyclotroD  and  Its  ^tplkation  for  Trace  Element  Analysis  Using  PDCE  Techniques  — 

I.  M.  Govil,  PanJab  V.  .  1753 

Proton  Linacs  for  Boron  Neutron  Cmitore  Thoiqty  —  A.  J.  Lennox,  FNAL  IRush  U.  .  1756 

Modeling  and  System  Specificatkms  for  an  Integrated  3-D  Proton  Treatment  Delivery  System — J.  W.  Staples, 

B.  A.  Ludewigt,  LBL  .  1759 


Bach  voAbm  btgUu  wUk  Mi  /hfvobme  uM*  ef  comtmi 
omI  wM  mi  JiMV'tioiMw  atOor  bUkx.  tin  dMrwm/t 
fartword  amt  auMtaf  confinrtite*  ertanluri  and  itaff 
apptar  at  pant  rnamr  ta  Vatama  1.  A  Utt  af  eoaprtme* 
pmktpaau  pnetdm  dn  aaOor  lada  la  Vobmn  5. 


Five-Volume  Contents 


Sadelding  and  Activatko  Study  for  Protoo  Medical  Accelerators  —  H.  B.  Knowles,  J.  L.  Orthel,  B.  W.  Hill. 

G.  H.  Gillespie  Assoc .  1762 

Beam  Dynamics  S^es  for  Proposed  Proton  Ther^y  Facility  — D.  Raparia,  W.  Funk,  SSCL  .  1765 

Cmi^Mct  Protonlhen^  Unit  Predesign — D.Tronc,G.E.  .  1768 

Hi^  Enmgy  Acceloator  Technology  in  Radiology —J.  F.  Crawford.  B.  Larsson,  H.  Reist,  U.  ZurichiPSI; 

L  Goldin,  FTEP  Moscow;  H.  Condi,  K.  Elmgren,  E.  GruseU,  B.  Nilsson,  O.  Pettersson, 

T.  Rdnnqvist,  U.  Uppsala  .  1771 

The  Neutral  Particle  Beam  Space  Experiment  (NPBSE)  Accelerate'  Designs  —  C.  C.  Paulson,  A.  M.  M.  Todd, 

S.  L  Mendelsohn,  Grumman  .  1774 

The  Q>ntinuous  Wave  Deuterium  Demonstrate  (CWDD)  Design  and  Status  —  A.  M.  M.  Todd,  Grumman; 

M.  P.  S.  Nightingale,  Culham  Lab.;  T.  J.  Yule,  ANL  .  1777 

Beam  Matching  Sectiei  in  the  INS  Heavy  Ion  Linac  Complex  —  K.  Niki,  S.  Aral,  Y.  Hashimoto.  H.  Masuda, 

M.  Tomizawa,  K.  Yoshida,  INS  Tokyo  .  1780 

A  Heavy  Ion  Linac  Complex  for  Unstable  Nuclei  —  S.  Arai,  M.  Doi,  Y.  Hashimoto,  A.  Imanishi,  T.  Katayama, 

H.  Masuda,  K.  Niki,  Y.  Takeda,  N.  Tokuda,  M.  Tomizawa,  E.  Tojyo.  K.  Yoshida,  M.  Yoshizawa,  INS  Tokyo; 

T.  Hattori,  Tokyo  Inst,  of  Tech .  1783 

Intedigital-H  Linac  fe  Unstable  Nuclei  at  INS  —  M.  Tomizawa,  S.  Arai,  M.  Doi,  T.  Katayama,  K.  Niki, 

M.  Yoshizawa,  INS  Tokyo;  T.  Hattori,  Tokyo  Inst,  of  Tech.  .  1786 

SPIRaL:  A  Radioactive  Ion  Beam  Facility  at  GANIL — A.  Joubert,  R.  Anne,  P.  Bertrand,  MP.  Bourgarel,  C.  Bieth, 

B.  Bru,  A.  Chabert,  M.  Duval,  R.  Leroy,  Ch.  Ricaud,  P.  Sortais,  GANIL  .  1789 

On  Line  Isotc^c  Separate  Test  Benches  at  GANIL  —  R.  Anne.  B.  Bru,  A.  Joubert,  R.  Leroy,  M.  Lewitowicz, 

P.  Sortais,  M.  G.  Saint  Laurent,  C.  Tribouillard,  GANIL;  J.  Obert,  J.  C.  Putaux,  IPN  Orsay;  C.  F.  Liang, 

P.  Paris,  CSNSM  Orsay;  N.  oirr,  J.  C.  Steckmeyer,  LPC-ISMRA  .  1792 

The  Outlodc  of  MPC-10  Cyclotron  Use  fe  die  Solution  of  Applied  Problems  —  S.  T.  Latushkin,  V.  V.  Leonov, 

A.  A,  Ogloblin,  L.  I.  Yudin,  V.  E.  Yarosh,  D.  I.  Yartsev,  Kurchatov  Inst.  . .  1795 

FTEP  Heavy  Ion  Alternating  Phase  Focusing  Linac  —  V.  V.  Kushin.  N.  A.  Nesterov,  I.  O.  Parshin,  S.  V.  Plotnikov. 

ITEP  Moscow  .  1798 

Accelerator  Control  Systems  Chair:  D.  Gurd 

Sharing  Control  System  Software  (Invited  Paper)  —  P.  Clout,  Vista  Systems  .  1801 

Control  System  Architecture:  The  Standard  aik  Non-Standard  Models  (Invited  Paper)  —  M.  E.  Thuot,  L.  R.  Dalesio, 

LANL  .  1806 

Anatomy  of  a  Control  System;  A  System  Designer's  View —  S.  Magyary,  LBL  .  1811 

Beam  Position  Monite  Data  Acquisition  fe  the  Advanced  I%oton  Source  —  F.  R.  Lenkszus,  E.  Kahana, 

A.  J.  Votaw,  G.  A.  Decker.  Y.  Chung.  D.  J.  Ciarlette.  R.  J.  Laird,  ANL  .  1814 

New  Tevatron  Cryogenic  Control  System  —  B.  Lublinsky,  J.  Firebaugh,  J.  Smolucha,  FNAL  .  1817 

Ceitrol  Software  fe  EUTERPE  —  P.  D.  V.  van  der  Stok,  F.  van  den  Berk,  R.  Deckers.  Y.  van  de  Vijver, 

J.  I.  M.  Botman,  J.  L.  Delhez,  C.  J.  Timmermans,  Tech.  U.,  Eindhoven  .  1820 

Poster  presentations: 

Network  Management  of  Real-Time  ^nbedded  Processes  —  C.  Kalbfleisch,  S.  Hunt.  K.  Low,  D.  Mathieson, 

SSCL  .  1823 

High  Speed  Serial  Conununications  for  Control  Systems  —  D.  Mathieson,  C.  Kalbfleisch,  S.  Hunt,  K.  Low, 

SSCL  .  1826 

"BUBBANET':  A  High  PerfemaiK«  Network  for  die  SSC  ^x:elerate  Control  System  —  5.  Hunt,  C.  Kalbfleisch, 

K.  Low,  D.  Mathieson,  SSCL  .  1829 

Gateway  for  Inter-Network  Connection  in  die  Pohang  Light  Source  Control  System  —  S.  C.  Won,  S.  Kwon, 

POSTECH  .  1832 

The  Star,  a  Dyruunically  Configured  Dataflow  Directe  fe  Realtime  Control  —  M.  Bickley,  J.  Kewisch.  CEBAF 1835 

The  SSCL  Linac  Control  System  —  J.  Heffner,  C.  Cuevas.  S.  Hunt,  D.  Murray,  J.  Sage,  SSCL  .  1838 

Proposal  to  Use  Failure  Prediction  as  a  Means  of  Meeting  Availability  Requirements  at  the  SSC  —  S.  Sarkar, 

W.  Merz.  F.  Meyer,  SSCL  .  1841 

Control,  Timing,  and  Data  Acquisitirm  fe  the  Aigonne  Wakefwid  Accelerate  (AWA)  —  P.  Schoessow,  C.  Ho, 

J.  Power,  E.  Chojnacki,  ANL  .  1844 

Vobaiu  I;  1-747 
VobmttZ:  748-1640 
VobatuS:  I64t-254S 
Voliime4;  2546-3218 
VoUaiuS:  3219-3933 


Proceedings  of  die  1993  Particle  AcxeUrator  Cm^erence 


The  High  Level  Pn^mniner  and  User  Interface  of  the  NSLS  Control  System  —  Y.  N.  Tang.  J.  D.  Smith, 

NSLS-BNL;  S.  Sathe.  AGS-BNL  .  1846 

NSLS  Control  Monitor  and  Its  Upgrade  —  5.  Ramamoor’ky,  J.  D.  Snuth,  NSLS-BNL  .  1849 

NSLS  Control  System  Upgrade  Status  —  J.  Smith,  S.  Ramamoorthy,  Y.  Tang,  J.  Flannigan,  S.  Sathe,  J.  Keane, 

S.  Krinsky,  NSLS-BNL  .  1852 

Digitol  Signal  Amy  Processor  for  NSLS  Booster  Power  Si4>ply  Upgrade  —  R.  Olsen.  J.  Dabrowski.  BNL; 

J.  Murray,  Stony  Brook  .  1855 

Ctmtrol  System  for  NSLS  Booster  Power  Supply  Upgrade  n  —  R.  Olsen.  J.  Dabrowski,  BNL;  J.  Murray, 

Stony  Brook  .  1858 

Sofware  Enviitmment  and  Ctmfiguration  for  die  DSP  Controlled  NSLS  Booster  Power  Supplies  —  R.  Olsen, 

J.  Dabrowski,  NSLS-BNL:  J.  Murray.  Stony  Brook  .  1861 

Control  Units  for  APS  Power  Supplies  —  O.  D.  Despe,  C.  Saunders,  D.  McGhee,  ANL  .  1864 

Hi^  Resolutitm  ADC  Interface  to  Main  Magnet  Power  Supply  at  die  NSLS  —  M.  Bordoley, 

NSLS-BNL  .  1867 

Design  of  die  Advanced  Light  Source  Timing  System  —  M,  Fahmie,  LBL  .  1869 

Ring  Diagnostics  and  Consistency  Test  of  die  Model  for  die  AGS  Booster  —  A.  Luccio,  E,  H.  Auerbach,  BNL  .  1872 

Use  of  D^gn  Codes  for  On-Line  Beam  Diagnostics  at  die  MIT-Biues  Accelerate  —  K.  D.  Jacobs, 

B. G.McAUister.J.B.  Flam.  MIT  Bates  .  1875 

A  Gnq;diical  User-Inteiface  Ceitrol  System  at  SRRC  —  J.  S.  Chen.  C.  J.  Wang,  S.  J.  Chen.  G.  J.  Jan. 

SRRC  Taiwan  .  1878 

Machine  Protection  System  Algorithm  Compiler  and  Simulator  —  G.  R.  White.  G.  Sherwin,  SLAC  .  1881 

MPS  VAX  Monitor  aik  Control  Software  Architectufe  —  S.  Allison,  N.  Spencer,  K.  Underwood,  D.  VanOlst, 

M.  Zelanzy.  SLAC  .  1884 

The  Continuous  and  Seamless  Replacement  of  a  Running  Control  System  Succeeded  —  G.v.  Egan-Krieger, 

R.  MUlUr,  J.  Rahn,  BESSY  .  1887 

Ctmtrol  and  Data  Acquisition  System  of  ElectrcMi  Accelerator  for  Radiation  Processing  —  W.  Maciszewski, 

J.  Lukasiewicz,  W.  Migdal,  A.  G.  Chmielewski,  Inst.  ofNuc.  Tech.,  Warsaw  .  1890 

Expert  System  fe  ^gnedc  Systems  Investigatirms  —  S.  lima,  R.  V,  PoUdkova,  F.  F.  Nodarse,  I.  P.  Yudin, 

JINR  Moscow  .  1892 

Orbit  Correction  Inqdementation  at  CEBAF  —  M.  Bickley,  B.  A.  Bowling,  D.  Douglas,  A.  Hafler,  J.  Kewisch. 

G.  A.  Krafft,  CEBAF  .  1895 

Ctmtrols  Interface  Protocob  fcv  the  SSC  Correctitm  and  DC  Magnet  Power  Supplies  —  S.  Sarkar,  J.  Gannon, 

W.  Merz,  F.  Meyer.  SSCL . 1898 

Parametrization  of  die  AmPS  Magneb  for  the  Control  System  —  Y.  Wu.  G.  van  Garderen,  R.  Hart,  J.  van  der  Loan, 

R.  Maas.  F.  Schimmel,  NIKHEF-K  .  1901 

Global  Voltage  Control  for  die  LEP  RF  System  —  E.  Ciapala,  A.  Butterworth,  E,  Peschardt,  CERN  .  1903 

Designing  RF  Control  Subsystems  Using  die  VXIbus  Standard  —  J.  D.  Stepp,  F.  C.  Vong,  J.  F.  Bridges,  ANL  .  1906 

Automated  Measurement  of  Cavity  Frequency  and  Cavity  Tuning  at  CEBAF  —  R.  Li,  S.  N.  Simrock,  B.  C.  Yunn, 

CEBAF  .  1909 

A  Beam  Position  Monitor  Data  Acqubitum  System  for  die  New  Fermilab  400  MeV  Line  —  S.  Lackey.  J.  Firebaugh, 

C.  Johnstone,  W.  Marsh,  J.  Smolucha,  K.  Woodbury.  FNAL  .  1912 

A  VME  Based  Queiich  Protectitm  Monitor  for  the  Tevatron  Low  Beta  Quadrupoles  —  S.  Lackey,  C.  Briegel, 

L.  Chapman,  R.  Flora,  K.  Martin,  FNAL;  T.  Savord,  SSCL  .  1914 

Experimice  widi  dw  TRIUMF  Main  Tank  Vacuum  Control  System  —  S.  Sarkar,  D.  P.  Gurd,  SSCL;  J.  C.  Yandon 

W.  Sievers,  P.  Bennett.  P.  Harmer,  J.  Nelson,  TRIUMF .  1916 

Lasts  Power  Stabilization  in  die  TRIUMF  Optically  Pumped  Polarized  H~  Ion  Source  —  S.  Sarkar.  SSCL . 

MPS  Beam  Control  Software  Architecture  —  K.  Krauter,  M.  Crane,  SLAC  .  1922 

The  CEBAF  Analog  Monitor  System  —  K.  Crawford,  M.  O'Sullivan,  J.  Perry.  S.  Simrock,  CEBAF  .  1925 

Techniques  for  Increturing  die  Reliability  of  Accelerator  Control  System  Electronics — J.  Utterback,  FNAL  .  1928 

WindoWofks:  A  Flexible  Program  for  Computerized  Testing  of  Accelerator  Control  System  Electronic 

Circuit  Boards  —  J.  Utterback,  FNAL  .  1931 

Switdung  die  Fermilab  Accelerator  Control  System  to  a  Relational  Database  —  S.  Shtirbu,  FNAL  .  1934 

The  Impact  of  New  Accelerator  Control  Software  on  LEP  Performance  —  R.  Bailey.  A.  Belk,  P.  Collier,  M.  Lamont, 

G.deRijKM.  Tarrant.  CERN  .  1937 


AkS  votamt  btgbu  wUt  Mt  fivt-vobrntt  table  <tf  ctmttms 
aad  tmb  wUh  tbt  fhv-vabaiit  aatkor  iadax.  The  diairmtn't 
fanemrd  and  a  lUi  of  ctmftrtnce  organizari  and  ttaff 
appaar  at  fioat  malltr  to  Vobaat  1.  A  list  cf  cotfirtaet 
partklpamt  prtctdtt  dtt  aadtar  Index  In  Voinme  5. 


Five-Volume  Contents 


A  Safkware  System  for  ModeUng  and  CootrolUng  Acceloator  Phyncs  Parameters  at  die  Advanced  Ugbt  Source  — 

L.  Schachii^er,  V.  Paxson,  LBL  .  1940 

Madnne  Physics  A^licstkm  Program  fur  Control,  Commissuming  and  Error  Rndings  for  Storage  Rings — 

H.  P.  Chang,  C.  H.  Chang,  C.  C.  Kuo,  M.  H.  Wang,  J.  C.  Lee,  J.  Y.  Fan,  H.  J.  Tsai,  SRRC  Taiwan: 

C.  S.  Hsue,  SRRCtNat.  Tsing  Hua  U.  .  1943 

CATER:  An  Online  Problem  Tracking  Facility  for  SLC  —  R.  C.  Sass,  H.  Shoaee,  SLAC  .  1946 

Ranqnng  Crmtrol  Using  a  Spreadsheet  —  D.  Y.  Wang,  R.  P.  Johnson  (now  at  CEBAF),  L.  S.  B.  Ng,  W.  J.  Pearce, 

Maxwell  Labs  .  1949 

Easy  and  Effective  Apfdicatkms  Programs  Using  DataViews  —  E.  S.  McCrory,  FNAL  .  1952 

The  Grqihic  E^ivironment  for  Tranq)ort  Line  Cmitrol  and  Beam  Diagnostics  —  S.  Kuznetsov, 

Kurchatov  Inst.  .  1955 

An  I/O  Subnet  for  the  APS  Control  System:  The  BITBUS  Universal  Gateway  —  G.  J.  NawrocJd,  N.  D.  Arnold, 

M.  G.  Hqffberg,  J.  R.  Winans,  S.  J.  Benes,  ANL  .  1957 

Status  and  Design  of  die  Advanced  Photon  Source  Control  System  —  W.  McDowell,  M.  Knott,  F.  Lenkszus, 

M.  Kraimer,  N.  Arnold,  R,  D«^,  ANL  . . .  1960 

Contndling  die  Third  Harmonic  Cavity  During  Focus  Free  Transitimi  Crossing  in  the  Feimilab  Main  Ring  — 

M.  A.  Martens,  FNAL  . .  1%3 

AMS:  Area  Message  Service  for  SLC  —  M.  Crane,  R.  Madcenzie,  D.  Millsom,  M.  Zelazny,  SLAC  .  1966 

Adding  PCs  to  SLC  Control  Systnn  —  T.  Lahey,  S.  Levitt,  R.  MacKenzie,  N.  Spencer,  K.  Underwood,  SLAC  .  1969 

Precise  System  Stabilizati<Hi  at  SLC  Using  Didier  Techniques  —  M.  C.  Ross,  L.  Hendrickson,  T.  Himel,  E.  Miller, 

SLAC  .  1972 

Thermal  Stabilization  at  Low  Level  RF  Distribution  Systems  at  SLAC  —  D.  McCormick,  M.  Ross,  T.  Himel. 

N.  ^ncer,  SLAC  .  1975 

Lepton  Circular  Colliders,  Synchrotrons,  and  Microtrons  Chair:  a.  Sessler 

CESR  Luminosity  Upgrades  and  Experiments  (Invited  Paper)  —  D.  Rice,  Cornell  .  1978 

LEP  Stams  and  Future  Plans  (Invited  Paper)  —  L.  R.  Evans,  CERN  .  1983 

Challenges  on  the  High  Luminosity  Frontier  of  e^/f  Factories  (Invited  Paper)  —  W.  A.  Barletta,  LBUUCLA . 

DAFNE,  The  Frascati  F-Factory  (Invited  Paper)  —  G.  Vignola,  INFN-LNF  .  1993 

Commissiaiiing  Results  of  die  Amstmdam  Pulse  Stretcher/Sunage  Ring  AmPS  —  R.  Maas,  F.  Kroes, 

J.  van  der  Loan,  G.  Luijckx,  J,  Noomen,  Y.  Wu,  NIKHEF .  1998 

Poster  presentations: 

LEP  Operatkm  in  1992  widi  a  90*  Optics  —  R.  Bailey,  T.  Bold,  F,  Bordry,  H.  Burkhardt,  K.  ComeUs,  P,  Ctdlier, 

B.  Desforges,  A.  Faugier,  V.  Hatton,  M.  Jonker,  M.  Lamont,  J.  Miles,  G.  de  Ri^,  H.  Schmickler,  CERN  .....  2001 

Status  of  TRISTAN-n  Project  —  S.  Kurokawa,  KEK  .  2004 

The  Lmig  Range  Beam-Beam  Interaction  at  CESR:  Eityeriments,  Simulations  and  Rienomenology  — 

A.  B.  Temnjkh,  INP  Novosibirsk:  J.  J.  Welch,  D.  H.  Rice,  Cornell  .  2007 

PEP-n  Design  Update  and  R&D  Results  —  W.  Barletta,  M.  S.  Zisman,  LBL:  R-  A.  Bell,  J.  M.  Dorfim,  SLAC  .  2010 

Commissuming  and  Operation  of  die  LEP  Pretzel  Scheme  —  R.  Bailey,  J,  M.  Jowett,  W.  Ktdbreier,  D.  Wang, 

CERN  .  2013 

Progress  of  die  LEP  Energy  Upgrade  Project  —  C.  Wyss,  CERN  .  2016 

Flat  Beams  in  die  SLC  —  C  Adolphsen,  T.  Barklow,  D.  Burke,  F.-J.  Decker,  P.  Emma,  M.  Hildreth,  T.  Himel, 

P.  Krejeik,  T.  limberg,  M.  Minty,  N.  Phinney,  P.  Raimondi,  T.  Raubenheimer,  M.  Ross,  J.  Seeman, 

R.  Siemann,  W.  ^tence,  N.  Walker,  M.  Woodley,  SLAC  .  2019 

The  Damping  Ring  For  Novosibirsk  F-  and  B-Factmies  —  V.  V,  Anoshin,  S.  E.  Belomestnykh,  A.  A.  Didenko, 

N.  S.  Dikansky,  B.  /.  Grishanov,  P.  M.  Ivanov,  V.  A.  Kiselev,  V.  /.  Kudelainen,  N.  A.  Kuznetsov, 

V.  A.  Lebedev,  B.  L.  Militsin,  S.  /.  Mishnev,  V.  V.  Parkhomchuk,  A.  N.  Voroshilov, 

M.  N.  Zakhvaddn,  BINP,  Russia .  2022 

A  Possible  Redesign  of  die  SLAC  SLC  Damping  Rings  —  T.  O.  Raubenheimer,  R.  Early,  T.  Limberg, 

H.  Moshanmer,  J.  fencer,  SLAC  .  2025 

Update  on  die  Argonne  Positron  Accumulator  Ring  —  M.  Borland,  ANL  .  2028 

Measurement  on  the  SRRC  1.3  OeV  Electron  Booster  SyndirotronC^iNatkm  Parameters  and  die  Ranqiing  Behavior — 

K.  K.  Lin,  K.  T.  Hsu,  T.  S.  Ueng,  SBIRC  Taiwan  .  2031 


Voimw  1:  1-747 
Velamtt:  74S-I640 
VobmS:  1641^5 
VUamt4:  2S46-321S 
VUwmtS:  S2I9-393S 


Proceedi^s  <iflfce  1993  PardcUAcceleralor  Confirms 


2034 

2036 


U  GeV  Eto^ron  Syadvotron — J.  ModUr,  ScmdUnmix  . 

Pufonnuice  Of  dw  M3  iqjectkm  — C.H.Kim,LBL  . 

Synclvotron  of  SMag-t  —  H.  Y<miura,  H.  Su&M.  T.  AM,  S.  Yonsyama,  Y.  Ueyama,  Y.  SasM,  T.  Sagfd^hi. 

5.  Hayashi.  H.  Yokomi».  JAERI  .  2039 

FOfdwr  Stu^  of  JINR  Taa*Cliiim  Facloty  Detifn — E.  Ptnbteiii,  V.  Akxattdrm,  V.  Antn^wv,  O.  AHMpcv, 

P.  BMMtdty,  L  Bcbykva,  V.  Knadta,  N.  Kamfittov,  A.  Krasttykh,  V.  Mironov,  D.  Kaltchev, 

L,  OHisekMBO,  A.  Sluakicm,  Yu.  Sudniov,  Ts.  Vylov,  JINR  Dubua;  V.  Belov,  B.  MueHugin,  A.  Popov, 

D.  SerebrmmUu/v,  SBl  St.  Petersburg:  I.  KvaskoMn,  E.  Petrov,  I.  Umandcy,  Russian  Inst.,  St.  Petersburg  ...  2042 

A  Vcaotfle  Lattice  fa  tTwi^auttmPOctoiyTto  Includes  a  MonodaooiatizationSdiMne  (Low  Kinittance)aiid  a 


Stndvd  Scheme  (Hi^  Emittance) — A.Faus-Golfe,U.ValenciaiJ.LeI>uff,IALOrsay  .  204S 

DAFNE  Inteiactioo  Rq(fa  Design  —  M.  Bassetti,  M.  E.  Biagini,  C.  Biscari,  M.  A.  Preger,  G.  Raffone,  G.  Vignola, 

INFN-LNF  . 2048 

On  an  Asymmetric  Cocrelated  Flavor  Factory  —  D.  Cline,  A.  Boden,  W.  Gabella,  A.  Garren,  X.  Wang,  UCLA  .  2051 

Status  of  tile  MIT-Bmes  Sootii  Hall  Ring  Commissioning — J.  B.  Flam,  K.  D.  Jacobs,  B.  McAMster,  R.  Averill, 

S,  Bradley,  A.  Carter,  K.  Dow,  M.  Farkondeh,  E.  Ikkff,  S.  KowedsU,  W.  Sapp,  C.  Sibley.  D.  Tleger, 

C.Tschalaer,A.Zolfii^iari,  MIT-Bates  . 2054 

Current  Status  of  the  Design  ot  tiie  Kharkov  Pulse  Stretcher  Ring  PSR-2000 — S.  Efimov,  P.  GiadUkh, 

Y.  GrigoPev ,  1.  Gidt,  I.  Karnaukhov,  V.  Kodu,  S.  Kononenko,  V.  Likhachev,  V.  Markov,  N.  Mocheshnikov, 

V.  Moskalenko,  A.  Mytsykov,  Yu.  Popkov,  A.  Shcherbakov,  M.  Strelkov,  A.  Tarasenko,  Yu.  Telegin, 

A.  Zefynsky,  Kharkov  Inst.;  M.  Nagaenko,  Yu.  Severgin,  ESRI  . . .  2057 

Moscow  Stme  University  CW  Race-Track  Microtron  Status  —  V.  I.  Shvedunov,  A.  S.  Alimov,  A.  S.  Ch^pumov, 

O.  V.  Chubarov,  I.  V.  Gribov,  B.  S.  Ishkhanov,  I.  V.  Surma,  A.  V.  Tiunov,  INP  Moscow  .  2059 

Optical  Design  of  tiie  75-MeV  Eindhoven  Racedrack  Microtron — G.  A.  Wdters,  J.  L.  Delhez,  J.  1.  M.  Boonan, 

H.L.Ht^edoom,  Eindhoven  U.  of  Tech.  .  2062 

Examine  i^iplication  fa  tite  Hamiltonian  Descrfakm  of  an  Azimutiially  Varying  Field  Raoettack  Microtron — 

J.  L  Delhez,  W.  J.  G.  M.  Kleeven,  H.  L.  Hagedoom,  J.  I.  M.  Batman,  G.  A.  Webers, 

Eindhoven  U.  of  Tech.  .  2065 

A  100-MeV  Racetrack  Microtron  —  P,  LidbjdrK  J.  XstrM,  Scanditronix  .  2068 

Electrostatic  Qnadmpole  Focusing  in  die  AOS  g-2  Sttnage  Ring  —  G.  Bennett,  R.  Larsen,  W.  Morse,  Y.  SemertzUBs, 

J.  Yelk,  BNL:  Z  Uu,  Boston  U.  . . .  2070 

Design  cf  8*OeV  Rqiid-Cycle  Booster  Synchrotron  fa  the  KEK  B-FacUny  —  S.  Kurdkawa,  KEK;  P.  Zenkevich, 

ITEP  Moscow  .  2073 


InstmmNitatitNi  and  Beam  Feedbadt  Chair:  r.  shttfer 

Feedbadc  Contnti  of  Coqiled-Bunch  Instabilities  (Invited  Paper)  — J.  D.  Fox,  N.  Eisen,  H.  Hindi,  I.  Unscott, 

G.  Oxoby,  L.  Sapozhnikov,  SLAC;  M,  Serio,  INFN  Frascati .  2076 

EkctroOptical  Tedmology  ^;i{died  to  AccekratorBeam  Measurement  and  Ccmtrol  (Invited  Paper)  — 

R.  J.  PasguineUi,  FNAL  .  2081 

RF-SynchronizBdlmag^  fa  Particle  and  Photon  Beam  Characterizatimis  (Invited  Pqper)  — A.  H.  Lumpkin,  ANL....  2086 

Diagnostic  bstrumentatioa  Systnn  for  die  SRRC  13  GeV  Synchrotron  Radiation  Li^t  Source  —  K.  T.  Hsu, 

G.  J.  Jan,  C.H.  Kuo,  K.H.  Hu,  SRRC  Taiwan .  2091 

Overview  and  Status  of  Beam  Instrumentation  at  the  SSC  —  R.  C.  Wdtber,  SSCL  .  2094 

Peztomazsx  td  Advanced  Light  Source  Particle  Beam  Diagnostics  — J.  Hinkson,  LBL  .  2097 

Darting  in  the  Fennilab  Booster  —  J.  M.  Steimel,  Jr.,  D.  McGinnis,  FNAL  .  2100 

Betatron  Function  Measuremoit  at  LEP  Using  die  BOM  1000  Turns  Facility  —  P.  Castro,  IFIC,  Spain;  J.  Borer, 

A.  Bums,  G.  Morpurgo,  R.  SchmiA,  CERN  . . .  2103 

Adaptive  Cascaded  Beam-Based  Feedbadc  at  the  SLC  —  T.  Himel,  S.  Allison,  P.  Grossberg,  L  Hendridcson,  R.  Sass, 

H.  Shoaee,  SLAC  .  2106 

Design  of  die  ALS  Transverse  Coiqiled-Bunch  Feedbadc  System  —  W.  Barry,  J.  M.  Byrd,  J.  N.  Corlett,  J.  Hinkson, 

J.  Johnson,  G.  R.  Lambertson,  LBL;  J.  D,  Fox,  SLAC  .  2109 


wteM  SmAu  wM  Ms  fiM-vobam  toNs  afamums 
mdeMswUtmsewwbmsmiberUSsx.  1%$  ekOmssfs 
fsrmsasd  mU  *  Ust  sj  eoafsrsaes  tnatUun  smd  staff 
spfstr  as  psM  msttsT  la  Vafmas  I.  A  fist  sf  esafsrsact 
pasUtlfaau  psasaSss  iOs  aatksr  ladsx  la  Vebaas  5. 


Five-Volume  Contents 


Poster  pnsentatkms: 

Rendts  of  Piototype  Pvtide-Beam  Diagnostics  Tests  tot  the  Advanced  Photoo  Source  (APS) — A.  H.  LumpUH. 

Y.  Clumg,  E.  Kahana,  D.  Patterson,  W.  SeUyey,  A.  Votow,  X.  Wang.  ANL  .  2112 

Diagnostics  Developinent  for  High  Cunent  Election  Acceleraton  at  CESTA  — J.  de  Mascureau,  C.  Bonne^md, 

A.  Devin,  E.  Merle,  G.  Ployard,  D.  ViUate,  CESTA  .  2115 

Beam  Instnimentation  for  the  SSC  RFQ  —  P.  Datte,  G.  Jamieson,  R.  Aiello,  D.  Beecky,  A.  Jones,  D.  Martin, 

J.  RUnrdon,  R.  Webber,  F.  Wood,  .  2118 

High  Density  Dam  Recording  for  SSCL  Linac — A.  L.  VanDeusen,  Allied  Signal;  C.  Crist,  SSCL  .  2121 

Physic  Requirements  of  Cmnmissioning  Diagnostics  fm*  SSCL  Linac  —  J.  W.  Hurd,  G.  M.  Arbique,  C.  E.  Crist, 

F.  W.  Guy,  M.  Hawortii,  G.  T.  Leifeste,  K.  Saadatmand,  SSCL;  M.  Krogh,  K.  Mcgbmis,  D.  Stittsworth, 

A.  Vandeusen,  S.  Wright,  Allied  Sgnal  .  2124 

Beam  Diagnostic  Layout  Requirements  for  SSCL  Linac — J.  W.  Hurd,  F.  W.  Guy,  G.  Jamieson,  D.  Raparia, 

K.  Saadatmand,  SSCL  .  2127 

SSCL  Linac  Commisskming  Diagnostic  Cart  —  C.  E.  Crist,  L.  W.  Funk,  J.  W.  Hurd,  G.  T.  Leifeste,  SSCL; 

M.  Krogh,  K.  McGinnis,  D.  Stittsworth,  A.  Vandeusen,  S.  Wright,  Allied  Signal  .  2130 

A  Mediod  for  LEBT  Automation  —  J.  Sredniawsld,  L.  Solensten,  R.  Schmidt,  J.  Porter,  Y.  Ng,  C.  Lam, 

Grumman;  W.  Newman,  AMTEX  .  2133 

Beam  Energy  Measurement  Using  die  Hall  C  Beam  Line  —  C.  Yan,  R.  Carlini,  D.  Nether, 

CEBAF  .  2136 

A  Wide  Range  and  High  Speed  Autmnatic  Gain  Control  —  E.  J.  Tacconi,  C.  F.  Christiansen, 

SSCLI  UNLP  Argentina . 2139 

A  Beamline  Design  and  Data  AcquisitkowA  the  20-MeV,20>ps  Electron  Beam  for  die  Higber-Oider-Mode  Studies  of 

the  APS  SR-RF  Cavities  —  J.  Song,  A.  Nassiri,  R.  Daly,  ANL  .  2142 

A  Bunch  Killer  for  the  NSLS  X-Ray  Electnm  Storage  Ring — R.  J.  Nawrocky,  U.  Bergmann,  D.  P.  Siddons, 

NSLS  BNL  .  2145 

The  Miedianical  Design  ot  a  Bundled  Beam  Stochastic  Cooling  Tank  for  the  FNAL  Tevatron — P.  Hurh,  G.  Jackson, 

FNAL  . 2148 

Design  Study  of  Laser  ConqitcHi  Scatteriog  widi  Relativistic  Electrcm  to  Mdoure  die  Electron  Beam  Energy  — 

1.  Hsu,  H.  Chen,  C.  Cho,  Y,  Uu,  Nat.  Tsing  Hua  U.  .  2151 

lYansveise  Beam  Inqiedance  Measuremoit  A  New  Coaxial  Method — M.  Cardito,  F.  Galluccio, 

R.  Losito,  M.  R.  Masullo,  V.  Vaccaro,  INFN  Napoli ;  C.  Di  Massa,  U.  Calabria .  2154 

A  Novel  Mediod  of  Noise  Suppression  in  Beam  Transfer  Functimi  Measurements  —  F,  Caspers,  M.  Chanel. 

U.  Oeftiger,  CERN  . 2157 

Beam  Dispersion  Measurements  widi  Wire  Scanners  in  die  SLC  Final  Focus  Systems  —  P.  Emma,  D.  McCormick, 

M.  C.  Ross.  SLAC  .  2160 

C(mq»diensive  Beam  Jitter  Study  for  die  Omunissimiing  of  die  Intermediate  Matching  Section  and  Drift  Tube  Linac  at 

Ground  Test  Accelerator  —  D.  S,  Barr,  J,  D.  GUpatrick,  LANL  .  2163 

A  New  Mediod  of  Ion  Beam  Diagnostics  —  A.  S.  Artiomav,  JINR  Dubna  .  2166 

Correlation  Mediod  of  Measurements  of  Ion  Beam  Parameters  —  A.  S.  Artiomav,  JINR  Dubna  . 2169 

The  CmiqitiHi  Polarimeter  at  die  SLC  —  G.  Shofnro,  S.  Bedtke,  O.  Chamberlain,  R.  Fuz/esy,  M.  Kowitt, 

D.  Pripstein,  B.  Schumm,  H.  Steiner,  M,  Zolotorev,  LBL;  P.  Rowson,  Columbia;  D.  Blockus,  H.  Ogren, 

M.  Setties,  Indiana;  M.  Fero,  A.  Latit,  MIT;  D.  Calloway.  R.  Elia,  E.  Hughes,  T.  Junk.  R.  King, 

T.  Maruyama,  K.  Mcffeit,  M.  Petradza,  M.  Swartz,  M.  Woods,  SLAC;  G.  Zapalac,  Wisconsin  .  2172 

Measurement  die  Spin  of  a  Particle  Using  Undulatm  Radiation — A.Luccio.BNL  .  2175 

Quanmm  Geonetricat  Riase  Signal  of  NLC  Bunch  Cross  Sectim  Carried  by  Virtual  Photons  — J.  Shen, 

IHEP  Beijing  . . .  2178 

Reqxmse  of  Air-Filled  Ion  Chambers  to  High-Intensity  Radiation  Pulses  —  M.  Plum,  D.  Brown,  LANL  .  21 81 

The  CEBAF  Beam  Loss  Sensors  —  J.  Perry,  E.  Woodworth.  L.  Merminga,  S.  Simrock,  R.  May,  CEBAF; 

G.  StttpUton,  SSCL  . . .  2184 

A  Scintillating  Fiba  Beam  Halo  Detector  fm  Heavy  Ion  Beam  Diagnostics  —  M.  A.  McMahan,  A.  Assang,  S.  Herr, 

F.  McCormack,  G.  Krebs,  B.  Feinberg,  LBL  .  2187 


VoUmt  I:  1-747 
VoUmut:  748-1640 
VoIwmJ;  1641-2545 
Volame4:  2546-5218 
Volami5:  3219-3933 


^rooeeda^ofllm  19^  PardcU  Accelerator  Cottfaretux 


Devdopmeia  aad  IiiviMri|«rinn  of  the  2k  B««n  Low  Mooitora  for  Super-Hi^Enafy  Accelerators, 

Pvt  1;  Qoad-BLM  for  "Wvm"  Maddnes  —  S.N.  Lapitsky,  1.  A.  KurochUn,  V.  S.  SeUvtev, 

WBF  Rmsia .  2190 

TteDMifDvidPHfoiinvieeofaHi^SeiisiltvityLoMM(»itarSyatvnforUMinfoeFenmiabAiitqirattmRiiig> — 

A.M.HaUiiig.J.It.Zegel.  A.  Hahn.  FNAL  .  2193 

Abort foierlockI)iagno8tic for Piro(0Ctioo<tf APS VactnunOiainber — G.Decker.ANL  .  2196 

IfoqpefieBoewidiRatfalknPraiectionforaSiliooaVeitexDVectorataHadrooicCdQidv — P.F.  Derwent, 

D.  Amidei,  A.  Dtmn,  T.  Stmg,  S.  Vejcik,  V.  Michigan;  R.  Crouch.  R.  Ducar,  D.  Herrup,  FNAL; 

C.  Haber.  LBL  .  2199 

Design  at  a  New  Ometatioa  of  CoUimaton  for  LEP  200 — R.  Jung,  R.  Ferret,  R.  Valbuena,  CERN  .  2202 

Symteotron  Radiatko  Damage  Test  of  Iwlartng  Materials  in  the  TRISTAN  MR — H.  Mitsui,  R.  Kumazawa. 

T.  Tanii.  T.  Chugun,  Toshiba  Corp.;  Y.  Ohsawa,  T.  Ozaki.  K.  Takayama,  KEK  .  2205 

Insulating  and  Metal-Cenuiiic  Materials  for  Particle  Accelerators  —  Yu.  P.  Severgin,  M.  Z  Filinumov, 

^enufv  Inst.  .  2208 

Ibe  Advanced  Li|^  Source  (ALS)  Radiation  Safety  System — A.  L.  Ritchie,  D.  E.  Oh^aAer,  A.  F.  Lindner,  LBL  ..  2210 

Radiatkm  Iifeasntements  During  Cavities  Conditiotting  on  APS  RF  Test  Stand  —  D.  M.  Grudzien,  R.  L  Kustom,  H. 

J.  Mae,  J.  J.  Song.  ANL  .  2213 

^[ipUcation  of  a  Sinq>le  Analytical  Model  to  Estimate  Effecdvenms  of  Radiation  Shielding  for  Neutrons  — 

S.  Frankie,  D.  Fitzgerald,  R.  Hutson,  R.  Macek,  C.  WiUdnson,  LANL  .  2216 

Monte  Cano  Bas^  Formula  for  Radiation  adelding  Assessment  in  foe  Forward  Direction — C  WiUdnson, 

D.  Fitzgerald,  S.  Frankie,  R.  Hutson,  R.  Macek,  LANL  .  2219 

A  Hi^  ReUaMli^  O^gen  Ddlctency  Monitoring  System — R.  Pony,  G.  Clabom,  A.  Haas,  R.  Landis,  W.  Page, 

J.  SmiA,  SSCL  . 2222 

Programmable  Electronic  Safety  Systems  —  R.  R.  Parry,  SSCL  .  2225 

A  Psnido  Real  lime ‘DmeMVer  for  teFermilab  Booster  —  G.  Wu,  V.Bharadwt^,J.Ladcey,D.  McGinnis, 

R.  Tomlin.  FNAL  .  2228 

Measurement  Tedm^joes  Using  die  Tddtonixf)  3052  DSP  System  —  J.  M.  SteimeL  Jr.,  D.  McGinnis,  FNAL  .  2231 

Using  Transfent  Waveform  Recorders  to  Measure  and  Store  Beam  Parameters — R.  E.  Stege,  Jr.,  R.  K.  Jobe, 

M.  Ross.  SLAC  .  2234 

lime  Measnrernent  in  the  APS  Rings  —  W.  Sellyey,  E.  Kakana,  X.  Wang,  ANL  .  2237 

Integrating  Log>Ratio  Position  Processing  for  die  Los  AIvnos  Proton  Storage  Ring  Extractioo  Line  —  T.  W.  Hardek, 

A.  Band,  LANL  .  2240 

Betatron  "Ping"  Time  Measurement  System  for  die  lUCF  Cooler  SyndmMnm/Storage  Ring — B.  J.  Hamilton, 

M.  S.  Batt.  T.  J.  P.  EUison,  WCF  .  2243 

Time  Measurement  in  die  NSLS  Booster  Synditotron  —  E.  B.  Bban,  R.  Nawrocky,  BNL  .  2246 

A  Realtime  FteAiack  Microprocessor  for  die  Tevatron — D.  A.  Herrup,  L  Chapman,  A.  Franck,  T.  Groves, 

B.  LubUnsky.  FNAL  .  2249 

A  New  Study  of  die  Main  Ring  Physical  Aperture  —  G.  Wu,  S.  Pruss,  D.  Capistu,  FNAL  .  2252 

Electron  Beam  StatnUty  and  Beam  Peak  to  Peak  Motion  Data  for  I^LS  X-Ray  Stmage  Ring  —  O.  Singh,  BNL  .  2254 

Test  of  Fast-Digital  Beamline  Feedbadc  Control  at  die  Fhotrm  Factmy — N,  Nakamura,  T.  Katsura,  KEK .  2257 

Horizontal  Movement  of  the  Storage  Ring  FIoot  at  die  Hiotrm  Factory  —  T.  Katsura,  H.  Nakamura,  Y.  Kandya, 

KEK;  Y,  Fujita,  Shimizu  Corp . . .  2260 

Oosed  Orlrit  Correction  Using  Singulv  Value  Deconqiosition  of  die  Response  Matrix — Y.  Chung,  G.  Decker, 

K.  Evans,  Jr.,  ANL  .  2263 

Condensation  for  die  Effect  of  Vacuum  Chamber  Eddy  Current  by  Digital  Signal  Processing  for  Closed  Orbit 

Feedback  —  Y.  Chung,  L  Emery,  J.  Kirchman,  ANL  .  2266 

Dynamic  Cloeed  Orbit  Conedion — Y.  Cheng,  SRRC  Taiwan  .  2269 

A  Ckised-Loop  Photon  Beam  Control  Study  for  die  Advanced  Light  Source  —  G.Portmann,J.Bengtsson.LBL  .  2272 

Global  DC  Closed  Orbit  Correction  Eiqieriments  on  die  NSLS  X-Ray  Ring  and  SPEAR — Y.  Chung.  G.  Decker, 

K.  Evans.  Jr.,  ANL;  J.  Sttfranek,  1.  So,  Y.  Tang,  BNL;  W.  J.  Corbett.  R.  Hettel,  SSRL  .  2275 

FFT-Ofieiited  Feedback— F.-J.DecLer,  SLAC  .  2278 

Issues  of  die  Transverse  Feedbadc  Systems  Design  at  die  SSC  —  W.  Chou,  J.  Peterson,  SSCL  .  2281 

A  Digital  FSedbadc  System  for  Orbit  Stabilization  —  A.  Friedman.  E.  Bozoid,  O.  Singh,  J.  &nith.  BNL  .  2284 

Results  fimm  the  AOS  Booster  Transverse  Damper — D.  Russo,  M.  Brennan,  M.Meth.T.Roser,  BNL  . .  2286 

Single  Board  Op-Anqi  Beam  Position  Monitors  Electronics — M.  BaU,  T.  J.  P.  Ellison,  B.  J.  Hamilton,  lUCF .  2289 


ZkS  wbmu  btgUi  wUk  Ms  Jhs-vcbmit  saUs  cf  ecmsms 
mid  snds  msfw-wMms  smUmr  Mtx.  Tht  ehalmssfi 
fsrtmmd  mi  «  Htt  t/  emdinmes  crgmiUtrs  mid  stuff 
tpymr  as  pam  ssaissr  la  Votaau  t.  A  Urn  af  eeapnaes 
fsulMfmts  fsaetdn  dm  aadmr  ladsx  la  Velsam  5. 


Five-Volume  Contents 


A  Sin^Pmage  Beam-Podtiafi  Monitor  in  the  TWSTAN  AR-to-MR  TtanqxMt  Lines  —  T.  leiri,  M.  Arinaga, 

KEK  .  2292 

Beam  Position  Manitoring  System  Using  PIN  Diode  Switches  —  K.  Shinoe,  T.  Kosetd,  Y.  Kamiya,  ISSP  T<^cyo; 

N.Nakamuni,T.Katsimt.T.  leiri,  KEK  .  2295 

Performance  of  die  CEBAF  Arc  Beam  Positioo  Monitors — A.  S.  Hcfler,  B.  A.  Bowling,  C.  S.  Higgins, 

P.  K.  Kloeppel.  G.  A.  Kritfft,  K.  L.  Mahoney.  CEBAF  .  2298 

The  MUUon  Turn  Data  Acquisition  System  BOSC  —  A.  Bums,  W.  Fischer,  H.  Jakob,  /.  Mttstead,  F.  Schmidt, 

L.  Vos,  CERN  .  2301 

Beam  Positioo  Monitor  CaUbration  for  die  Advanced  Phottm  Source  —  Y.  Chung,  G.  Decker,  E.  Kahana, 

F.  Leidtszus,  A.  Lumpkin,  W.  Seltyey,  ANL  .  2304 

Self  Ttiggmed  Sin^  Pulse  Bern  Positkn  Monitor — J.  L  Rothman,  E.  B.  Blum,  NSLS-BNL  .  2307 

A  Prototype  BPM  Electronics  Module  for  RHIC  —  W.A  Ryan,  T.  J.  Shea,  P.  Cemiglia,  C.  M.  Degen,  BNL  .  2310 

Dynamic  Range  Extenskm  of  BPM  at  die  NSLS  —  M.  Bordoley,  NSLS-BNL  .  2313 

Beam  Position  Monitoring  in  die  100-MHz  to  SOO-MHz  Ftequmicy  Range  Using  the  Log-Ratio  Tedinique  — 

F.  D.  Wells,  R.  E.  Shafer,  J.  D.  Gilpatrick,  LANL  .  2316 

Beam  Pinging,  Sweeping.  Shaldiig.  and  Electron/Ion  Collecting,  at  the  Proton  Storage  Ring  —  T.  Hardek,  R.  Macek, 

M.  Plum,  T.-S.  Wang.  LANL  .  2319 

Test  Results  of  die  SSC  Log-Ratio  Beam  Position  Monitor  Electrcmics  —  C.  R.  Aiello,  M.  R.  Mills, 

R.  E.  Gonzalez,  SSCL  .  2322 

RF  Beam  Positum  Mmiitors  for  die  TESLA  Test  Facility  —  R.  Lorenz.  TV  Berlin .  2325 

RHIC  Beam  Position  Monitor  Assemblies  —  P.  R.  Cameron,  M.  C.  Grau,  IV.  A.  Ryan,  T.  J.  Shea,  R.  E.  Sikora, 

BNL  .  2328 

Stripline  Beam  Position  Monitor  for  die  MIT-Bates  Soudi  Hall  Ring  —  J.  B.  Flanz,  R.  Averill,  E.  Ihiaff, 

K.  D.  Jacobs,  D.  Wang,  A.  Zdffbghari,  MIT-Bates  .  2331 

Design  and  Operation  of  Button-Probe,  Beam-Position  Measurements — J.  D.  Gilpatrick,  J.  F.  Power,  R.  E.  Meyer, 

C.  R.  Rose,  LANL  .  2334 

Design  and  Calibration  of  Pkkup-EIectrodes  ftn  Beam  Position  Mcmitoiing  at  SOR-RING  —  K.  Shinoe,  Y.  Kamiya, 

ISSP  Tokyo;  N.  Nakamura,  T.  Katsura,  KEK  .  2337 

The  Position  Monitor  Using  Stretched  Wire  Technique  —  7.  Mimashi,  S.  Kuroda,  H.  Nakayama,  K.  Oide, 

R.  Sugahara,  N.  Yamamoto,  KEK  .  2340 

An  Over-Moded  Stripline  Beam  Position  Mtmitor — J.  G.  Noomen,  J.  Bijleveid,  F.  Kroes,  T.  Sluijk,  NIKHEF-K  ...  2343 
Loss  of  Precision  in  Resonant  Beam  Position  Monitors  Due  to  Finite  Q  —  J.P,  H.  Sladen,  W.  Wuensch,  CERN  ....  2346 

Simulation  of  die  ALS  Longitudinal  Multibunch  Feedback  System — J.Byrd,LBL  .  2349 

Analysis  of  DSP-Based  Longitudinal  Feedback  System:  Trials  at  SPEAR  and  ALS  —  H.  Hindi,  N.  Eisen,  J.  Fox, 

/.  Linscott,  G.  Oxoby,  L.  Sapozhnikov,  SLAC;  M.  Serio,  INFN  .  2352 

VXI  Based  Low  Level  RF  System  for  Rtmilab  Linac  Upgrade  —  B.  E.  Chase,  R.  J.  Pasquinelli,  FNAL  .  2355 

Longitudinal  Feedback  in  LEP — J.  P.  Boiteux,  P.  Brown,  E.  Ciapala,  H.  Frischhoh,  G.  Geschonke,  J.  C.  Juillard, 

E.  Peschardt,  CERN  .  2358 

Performance  of  die  Upgraded  Stadctail  Momentum  Cooling  System  in  die  Fbrmilab  Antqnotoo  Source  — 

R.  J.  PasquinetU,  D.  McGinnis,  FNAL  . . .  2361 

Energy  Vernier  System  for  CEBAF — G.  A.  J.  J.  Bisognano,  M.  T.  Craffbrd,  J.  C.  Hovater,  L.  Merminga, 

S.  N.  Simrock,  S.  D.  Witherspoon,  CEBAF;  K.  Kubo.  KEK  .  2364 

A  Digital  ^n’roach  for  Phase  Measuremrat  ^iplied  to  Deha-r  Tuneup  Procedure  —  G.  R.  Aiello,  SSCL  .  2367 

RF  Feedback  for  Beam  Loading  Conqiensation  in  die  SLC  Damping  Rings  —  P.  Krejcik,  P.  CorraJoura,  M,  Minty, 

R.  Siemann,  R.  Tighe,  SLAC;  F.  Pedersen,  CERN  .  2370 

Simulatum  and  Analysis  of  RF  Feedback  Sysinns  on  die  SLC  Damping  Rings  —  M.  Minty,  7.  Himel,  P.  Krejcik, 

R.  H.  Siemann,  R.  Tighe,  SLAC  .  2373 

Improved  Inqiedance  Reduction  in  the  CERN  SPS  Siqiercoaducting  Cavities  for  Hi^  Intensity  Proton  Operation — 

D.  Boussard,  G.  Lmnbert,  7.  P.  R.  Linnecar,  C^tN  .  2376 

Danqring  of  Phase  Etrots  at  Injection  in  die  LHC  —  D.  Boussard,  E.  Onillon,  CERN  .  2379 

A  Digitid  Beam  Phase  Loop  for  die  Low  Energy  Booster — L  K.  Mestha,  V.  Brouk,  R.  C.  Webber,  J.  Mangino, 

7.  Uher,  SSCL  .  2382 

Graeral  Time-Varying  State-Space  Contnd  Model  and  Its  ^plication  for  Transient  Beam  Loading  Compmsatkin — 

L.  K.  Mestha,  C.  M.  Kwan,  SSCL;  K.  S.  Yeung.  VTA  .  2385 

A  Digital  Phase  and  Anqplitude  Feetftxward  Correctitm  System  —  D.  Yu.  P.  Conway,  DULY  Res.  Inc.  .  2388 

Vobam  1:  1-747 
Vobim2;  748-1640 
VobmtS:  1641-2545 
Volm»e4:  2546-3218 
Volmu5;  3219-3933 


ProeetAigSilf^te  1993 PuftideAeceim/tor  Coi^arence 

or  Additive  Feedforwanl  on  GTA  —  C.  D.  HomA,  P.  M.  Denuy.  A.  H.  Regan,  M.  T.  Lynch.  S.  P.  JacUm, 

L  E.  Btaon,  B.  F.  Natter.  LAm.  .  2391 

F«t  Baadi-to>Baadi  Cmnat  San^liiig  in  die  Gicnell  Ekctton-Positron  Cdlider  —  C.  R.  Dunnam.  Cornett; 

K.  B.  Unser,  CBRN  .  2394 

A  lipttod  for  Meaauriog  Dade  Qineat  Electron  Beams  in  an  RF  Unac — X.  K.  Mantyama,  T.  Fasanetto,  H.  Riet^, 

Namt  Postgradnate  School;  M.  A.  Piestrup,  Adelphi  Tech;  D.  W.  Rude,  R.  B.  FUnito,  NSWC .  2397 

Hi^  Bandwiddi  Beam  Cuireat  Monitor —B.  M.  Baltrusaitts,  C.  A.  Ekdahl,  LANL;  R.  G.  Cooper.  E.  Peterstm, 

C. E.Wam.EOBG  . . .  2400 

RigMMeasBieBiMHs  of  Two-Dimensional  Ion  Beam  OnnPMtt  Distribution  for  Pulsed  Neutron  Source  — 

A.  M.  Trim,  MEPI  .  2403 

SboctBundiLeogdiDmectorftirlonBeam  widi High Bundi Density— AM.  TVon.  V.  V.  SAiJko,MEP/  .  2406 

Measurement  of  Bunch  Time-Stnicture  in  KEK^FP  —  M.  Tobfyama,  T.  Kasuga,  T.  Takeo,  T.  Obina,  K.  Tamura. 

Hiroshima  U.;  T.  Katsura,  KEK  .  2409 

A  Fiftti  Harmonic  RF  Bunch  Monitor  for  die  ANL-APSEIectrtmLinac — A.  Nassiri,  A.  Orettek,  ANL  .  2412 

Qiaraclefization  of  Suteanoeecond  Heavy-Ion  Bunches  at  die  TASCX:  Siqieictmducting  Cydotron — C.  R.  MUchel, 

N.  A.  Towne,  AECL  .  2415 

Design,  bqdMiientatioo,  and  Results  from  a  Longitudinal  Phase  Space  Tonography  (PST)  Monitor  in  the  FSimilab 

Main  Ring  —  G.  Jackson,  FNAL  . . .  2418 

An  Ekctrostatic  Sweep  Plate  Device  for  Emittance  Measuteinem  ci  Ion  Beams  to  2  MeV  —  T.  W.  Debiak,  J.  Porter, 

R.Hmier,l.Binbaum,  Grumman .  2420 

Length  Monhor  for  1  mm  SLC  Bandns  —  E.  Babenko,  BINP  Novosibirsk;  R.  K.  Jobe,  D.  McCormick, 

J.  T.  Seeman,  SLAC  .  2423 

Bunch  Sh^ie  Monitor  for  SSCL  Lioac  —  J.  W.  Hurd.  G.  M.  Arbigue,  C.  E.  Crist.  F.  W.  Guy.  G.  T.  L^esu, 

D.  Raparia,  K.  Saadatmand.  D.  A.  Swenson.  SXL;  S.  Esin,  A.  Feschenko,  A.  Stepanov, 

A.  Mirzojan,  INR  Moscow  .  2426 

A  Field-Baaed  Techniq^  for  the  Longitudinal  Profiling  of  Ubrarelativistic  Electroo  or  Positron  Bunches  Down  to 

Lengdis  of  ^  10  Microns  —  R.  Tatchyn,  SLAC  . .  2429 

Performance  Limits  (tf  a  Streak  Camera  in  Real  Time  Three-Dimenskmal  Measurement  of  Bundi  Oscfikttkm 

in  LEP — E,  Rossa,  CERN;  F.  Tedur,  RWTH  Aachen;  J.C.  Madtae,  ARP  Strasbourg  .  2432 

Bunch  Loigdi  Measurements  in  die  SLC  Danqring  Ring  —  F.</.  Decker,  T,  Llmberg,  M.  Minty,  M.  Ross,  SLAC  ..  2435 

>firtual  Photon  Inqiulse  of  Bunch.  Beanqi^  Reqioose,  Coherent  RF  Beanutrahlung;  and  BEPC  BundiLmi^ 

BES  Jam,  Virtual  Acceination — J.Shen,IH&  Beijing  .  2438 

Devetopment  on  Multistr^  Monitor  for  Nonintercqiting  Measuranent  of  Beam  Geometric  Moments  —  Y.  Yin, 

TRIUMF  .  2441 

Wire  Scanner  Data  Analysis  for  die  SSC  Linac  Emittance  Measurement — C.  Y,  Yao,  J.  W.  Hurd,  J.  Sage, 

SSCL  .  2444 

Real-Tune  Spot  Size  Measurement  for  Pulsed  Hi^-Energy  Radiognqdiic  Madb^ies — S.  A.  Watson,  LANL  .  2447 

High  Resdudon  Beam  Khmitoring  widi  Optical  'Dansition  Radiatimi  at  3  MeV  Electron  Energy — A.  Spetka, 

D.  Bernard.  R.  Guirlet,  F.  Jacquet,  P.  Mini.  B.  Montis,  R.  Morano,  P.  Poitteux,  LPNHE;  F.  Amiranoff,  LUU; 

J.  MoriBo,  LSI .  2450 

Beam  Profilmg  widi  Optical  Tiansiti<m  Radimion  —  D.  W.  Rule.  R.  B.  FUnito,  NSWCDD  .  2453 

Beam  Emittance  frmn  Cohment  Choeiikov  Radiation  in  a  Solid  Dielectric — R.  D.  Richardson,  R.  C.  Piatt,  SAIC;  C. 

E.  Crist,  SNL  .  2456 

A  10  |jm  Resolutioo  Secondary  Emission  Monitor  for  Fdmilab's  Targeting  Station  —  P.  Hurh,  S.  O'Day, 

R.  Dmnbrowski,  T.  PagePNAL  . 2459 

Construction  of  a  High  Resohidon  Election  Beam  Profile  Monitor  —  J.  Norem,  J.  Dawson,  W.  Haberichter, 

W.  Novak.  L.  Reed.  X-F.  Yang.  ANL  .  2462 

Design  Study  of  Beam  Profile  Monitor  of  Storage  Ring  by  Using  Synchrotron  Radiation  — /.  C.  Hs,  T.  H.  Huang, 

Nat.  Tsing  Hua  V.ISRRC  . 2465 

Limitatioos  of  a  Residual  Gas  Ionization  Beam  Profile  Monitor  for  die  SSC  Collider — R.  Meinke,  W.  Nexsen. 

E.  Tsyganov,  A.  Znchenko,  SSCL .  2468 

Fun  Cycle  Beam  Diagnostics  widi  an  Imdzatitm  Profile  Mmitor  —  A.  Stittman,  R.  E.  Them,  BNL  .  2471 

Eledron  Beam  Diagnostics  by  Means  (rf  Edge  Radiation  — G.KCArfhar.JTwvAaftn'  Inst.; 

_  E.  S.  Masunov,  MEPI  .  2474 

CEBAF  Bean  Viewer  Imaging  Software  —  B.  A,  Bowling,  C.  McDowell,  CEBAF  .  2477 

Sack  vcbmu  Snbu  wUh  (Mt  jht-vebmit  UMt  cf  amum 
tWU  wUk  mt  mukor  bida.  Tkt  cStlrmtH't 

Jbrmwrrf  amt  a  Up  af  eoa/anaea  otgaaltart  aad  Mg 
appaar  at  gam  aWmr  la  VofaMw  1.  A  Usi  af  eeafiraaea 
parUdpaau  prtraSu  tha  aaOaa  laSax  la  Vabaaa  5. 


Fwt’Vciume  Contents 


PRMoQrpe  F|yjng>WirB  Beam-Plrafik  Monitor — D.  B.  Bartow,  C.  M.  Fortgang,  J.  D.  Gilpatrtdi,  R.  B,  Meyer, 

A.  M.  Rendon,  D.  S.  Warren,  M.  D.  Witte.  lANL  .  2480 

fiaitlHioe  Meanieiiiatt  and  DMtAnalytit  liar  the  SSCUaacIi^jectw  — J.E.H&)ert,P.Datte,F.  W.Guy, 

N.  C,  Okay,  K.  Saadatmaad,  J.  Sage,  D.  M.  WedierkoU,  W.  A.  Whittenberg,  SSCL  .  2483 

AittOHMtic  BmfttMice  Meawaremeat  die  AIT — X.  J.  Wang,  R.  Mabme,  K.  Batchelor,  1.  Ben-Zrt,  BNL  .  2486 

Eleciran  Beam  ”"«»**»«*<**|  Monitor  far  the  SSC  —  E.  Tsyganov,  R.  Meinke,  W.  Nexsen,  S.  Kanffmann. 

A.  Snehenko,  A.  Taradn,  SSCL .  2489 

Measmemeat  of  Vertical  Bmittance  tt  L£P  tcm  Havd  X-Rays — H.  Akbari,  J.  Borer,  C.  Bovet,  Ch.  Drtmere, 

A  Manarin,E.  Rosso,  M.  StttanoU,  J.  Spanggaard,  CERN  .  2492 

PeffanaanceaadOpenttiooal  Experience  of  die  LEPSyadvotronLi^  Telescopes — G.  Bwdn,  R.  J.  Coldiester, 

J.  J.  Gras,  R.  Jung,  J,  M.  VouiUo*,  CERN  .  2495 

Hi||i  Seasidvity  Beam  laieasiQr  aad  Profile  Monitots  far  the  SPS  Extracted  Beams — J.  Camas,  G.  FerioU,  R.  Jung, 

J.  Mann,  CERN  .  2498 

Hi(h  Density  Harp  for  SSCL  Unac—  C  T.  Fritsche,  M.  L  Krogh,  AUiedSignal:  C.  E.  Crist.  SSCL  .  2501 

Hi^  ReacdiaionMeesuieniems  of  LqNon  Beam  Transverse  DistributioosWidi  die  LBP  Wire  Scaanos —  J.  Camas, 

G.  Crodfind,  G,  FerioU,  C.  Fisdier,  J.  J.  Gras,  R.  Jung,  J.  Koopman,  J.  Mann,  CERN  .  2504 

Beam  Size  Meaiuremeats  widi  Nommeroeptive  Off-Axis  Scremis  —  F.-J.  Dedter,  R.  Brown,  J.  T.  Seeman,  SLAC  ...  HSffl 

Resadation  laqrovement  in  Beam  Profile  Measurements  with  Synchrotron  Lj^t  —  O.  V.  Chubar,  MEPI  .  2510 

The  Orsity  Size  Monitor  far  die  Phial  Focus  Test  Beam  —  J.  Buon,  B.  Delcourt,  J.  Jeanfean,  F.  Le  Diberder, 

V.LepeUer.P.Puzo.LALOrsay  .  2513 

Beam  Monitor  Utilizing  Tnmsition  Radadon — Y.  Ogawa,  J,  Ckd,  T.  Suwada,  T.  Kamitani,  T.  Urano, 

K.  Furukawa,  S  Ohsawa,  A.  Enomoto,  1.  Sato,  KBK  .  2516 

Fermihb  Main  Ring  Low  Level  RFSystonModificatioos  far  FooisRreeTransitioo  Beam  Tests  —  R.  G.  Scala, 

K.  Meisner,  FNAL  .  2519 

RFSynduonousTansfer  into  Specific  Buckets  Between  Fomilab  Main  Ring  and  Tevatron  Accelerators  — 

K.  Meisner,  FNAL  .  2522 

Main  Ring  Bundh  Length  Monitor —  K.  Meisner,  G.  Jackson,  FNAL  .  2525 

A  VXl/LabVIEW-based  Beamline  Tuner  —  W.  Blokland,  FNAL  .  2528 

A  PliBqiM>ncy.rw»Mhi  nirectivity  IMianeemeitt  Beam  PMtHnn  StripHne  netegtnrg  —  E.  L.  BorsotU,  FNAL  .  2531 

Ihe  Control  System  ROSY  I  —  T.  Goetz,  M.  Picard,  V.  Bonn:  M.  Pksko,  Sine.  Trieste  .  2534 

Measuring  Enrittance  Using  Beam  Posititm  Monitrns  —  S.  J.  RusseU,  B.  E.  Carlsten,  LANL  .  2537 

On  die  Reliability  of  Measured  Results  by  Non-Desbucdve  Beam  Pn^  Monitor — T.  Kawakubo,  E.  Kadokura, 

KEK:  T.  Ishida,  Mitsubishi  EUct.  . 2540 

Transverse  Feedback  System  widi  Digital  Filter —  V.  M.  Zhabitsky,  JINR:  I.  L.  Korenev,  L.  A.  Yudin, 

MRTI  .  2543 


Volume  4 


Advanced  Aoedoator  Ctmoqits  Chair:  c.  Joshi 

R.  R.  Wflaon  Priae  Lcetorc:  Adventures  widi  Acceloatots  (Invited  Paper)  —  J.  P.  Blewett,  BNL  (ret.) .  2546 

Demonstration  of  Plasma  Beat  Wave  Acceleration  of  Electrons  from  2  MeV  to  20  MeV  (Invited  Paper)  — 

C.  E.  Clayton,  K.  A.  Marsh,  M.  Everett,  A.  Lai,  C.  Jos^,  UCLA  .  2551 

Laser  WdrefieklAccelnratorEiqieriments  Using  1  pB  30  TWNdzgIass  Laser  — K.  Nalvjima,  H.  Nakanishi, 

T.  Kawakubo,  A.  Ogata,  KEK;  Y.  Kitagawa,  H.  Shiraga,  R.  KodaptaJ^Jhadg,  K.  Suzuld,  Y.  Koto, 

Osaka  V.;  Y.  Sakawa,  T.  Shofi,  Nagoya  U.;  Y.  NisMda,  N.  Yugami,  Utsunomiya  U.; 

T.  Tajima,  U.  Texas,  Austin  . . .  2556 

Photonic  Band  Gsp  Resonators  for  High  Energy  Accelerators  (Invited  Paper)  —  5.  Schultz,  D.  R.  Sntidt,  UCSD; 

N.  KroU,  UCSDISLAC  .  2559 

Update  on  die  ATT  Inverse  Cherenkov  Laser  Acceleration  Eiyieriment — W.  D.  Kimura,  L  C.  Steinhauer,  G.  H.  Kim, 

S.  C.  Tidwell,  Sn  Optronics:  I.  Pogfnrdsky,  K.  P.  Kusdie,  BNUSTI  Optronics .  2564 

New  Directions  in  RF  Sources  (Invited  Paper)  —  L.  Schdehter,  ComeU  .  2567 

Criteria  for  Conqiaring  die  Suitability  of  Mkaowave  Anqdifiers  for  Driving  Te  V  Linear  CoUidets  —  V.  I.  Granatstein, 

G.  S.  Nusinovich,  U.  Maryland  . . .  2572 


Vobant  t:  1-747 
Vobm2:  748-1640 
VolmmS:  I641-2S4S 
Volmm»4:  2S46-321B 
VobaneS:  3219-S9S3 


Pmc990H§iiifthtI9KPmiideAecdemorC 


Wf^nmKmAoetkaAmiik%l70BinotaGiAadittPQim--S.C.Cht»,J.GaiUdkm.LC-L.UH, 

M.  J.  fOTiftte,  S.  7>mc,  B.  O.  Dtmfy,  J.  S.  WurttU,  MIT  . .  2S7S 

Aa  hwwe  ft»»-Bitctwn  I  wur  Acolwitor — A.  S.  FUlm.J.  C.  OaBardo,A.  vm  Si»«iibtrg«»,  S.  Uk.M.  WoodU, 

JMflt;  /.  Aniwifto.  Tak:  J.  Ftmg.  CabtmMa  V.  .  2578 

PImm  OqoirA  to  Hiilb-Gmitatt  Later  PMkteAcGdBnNDn-—ilC.SMMaiMr.W:D.lClMPU.  577  .  2581 


BeamQaattQf  ia  aCyckNnm  AntonaoDtiice  Aeodentor— B.  Ha/ki,  IcanuRes.;  P.  Spnmgk.  NKL;  J.  L  Hirshfitid, 


Omaga^Pke.  .  2584 

Siqwi^tk^Ciyrtd  Accleiator  AccdottioaBayiMidGeV/m— £A.B0«ae&fNAL  .  2587 

DMipi  Slody  of  a  Kficramve  Driver  for  a  RelatfvMIcKlyitran  Two-Ben  AcoektalDr---r.L.AbiicLL^  .  2^ 

The  Standiat  Wave  FEL/TBA:  Radbtk  Cavity  Choeieliy  aad  Eaetfy  Bxitactian — J.Kim,A.M.S€sskr,LBL; 

ir.  Heate.  TV  Berlin;  W,  M.  Sharp.  LLNL  . . .  2593 

The  Aifoaae  Wakefield  AoceJeralOR  Overview  aad  Stahit — P.  Sehoessow,  E.  Ckojeadi,  W.  Get,  C.  Ho. 

K  Keneatf,  J,  Power.  M.  Boting.  J.  Sbapson,  ANL  . . . .  2596 

ASdf'OoaaiBleat'nieoiycifFefieiaagaetlcWavciiiideAcoektatmDriveabyElectraeBeaaM — H.S.  Wan, 

NSWC  . 2599 

Wakefield  AccekntorDrivea  by  a  BdadvitticBlectrioa  Beam  ia  a  BenomaiBetic  Waveguide — 

H.  &  Won.  NSWC  . 2602 

Magnmte  FIrfiUaBeay  AflcehMtnriyjwgnhyaftrfarivkrieWaeennBli^MmtnaBMiwiwagw^  — 

H.  S.  Wan,  NSWC  . . . .  2605 

Theee-DlaienakaialSimahthaiAariSftit  of  dm  PhttSectioat  of  a  StMdfaty-WavePiee-BleciioB  Later  Two-Beam 

Accelerator  —  C.  Wang,  A.  M.  Seaakr,  USL  — . .  2608 

Keacceieitiam  iiapwanem  to  DeamBtttanoB  uie  coBcept  or  nfiiriMiacy  caBaawaHWn  m  a  KCMiivitiic  Ktytiiuo  TWO- 

Beam  AccekiMor —  O.  A.  Weatenskow,  T.  L  Hanck,  ISJiL  .  2611 

DaatfaAaatyait  fora  ICOAIeVlBveiae  CheeealDov  Later  AcoeleiMor-r-J.B.  Fontana.  VCSB;W.D.  Kinuoa, 

LC^SlMianer,SttOpireeica:LPogorM9,  BNL/Sn  t^tnmks  .  2614 

AalaweneReeElectNa  Later  DriveaLiaear  Collider  Ekctroa-PodtraeB'FactDty — N.  Barew,  C.  PaUegrini, 

VCLA;J.  SaiMftvelfi,  Yak . .  2617 

2JSD  Ntaaeiicd  Sbgoulalian  of  Reladviatic  Elecaon  Baadiet  (REB)  baeiactiaa  wkh  IhideidcBae  tad  Oveideaae 

Flaamat — O.  V.  BaiMchev,  Y.  S.  Si^,  Kekpdt  Inst.;  V.  1.  Karas',  Y.  B,  Fainberg,  Kharkov  Inst.  .  2620 

Ropafttioa  of  Short  Electtoa  Pultet  ia  Uaderdeaae  Platmaa — N.  Barov,  J.  Rosenzweig,  UCLA  2623 

NBamdctiSimalatioiitofDeiviatBeamDyBamicaiadiePlatnaWdBefleldAcceletator — G.  Joyce,  J.KraU, 

&  Eaarey,  NHL  . 2626 

Self-Modolaied-Laaer  Wakefield  Accelerator — J.  KraU,  A.  Tkg,  E.  Esarey.  P.  Sprangk,  NRL  _ _ _  2629 

A 100  IdeVPtoof^rf-BriBCiide  Later  Wakefield  AoceleiatorBmeeiment — A.  Tbig,  A.  FMer,  E  Fischer,  J.  Gnm, 

J.  KraB,  E.  Esarey,  P.  Speangk,  NKL;  D.  UmOadter.  G.  Moaron,  U.  Mkidgan  .  2632 

Receat  Work  oa  Short  Pobe  Laaer-Plataia  Aooeleralan — T.  Katsoakas,  T.  C.  Chiou,  USC;  W.  B.  Mori, 

C  Decker.  UCLA;  J.  S  Wurtek,  G.  Shvets.  MIT  .  2635 


Pltima  Lent  Experimenti  at  dm  Heal  Focut  Teat  Beam — /.  Norem,  ANL;  D.  Cline.  W.  Gabelia,  P.  Kwok, 

S  lU^agopakn,  J.  Rosenverig,  UCLA;  B.  Barktta,  UCLAHJ^  R.  Wiliianu,  Florida  ABM; 

S  Chattapadkyay,  W.  Leemans,  A.  Sesskr.  LBL;  G.  Weatenskow,  LLNL;  J.  Wurtek,  MIT;  J.  J.  Su, 

NCU  Taiwan;  K.  Nakt^km,  H.  NakardsM,  A.  Ogata,  D.  Whittam.  KEK;  I.  Hsu.  NTU  Taiwan; 

D.  D.  Meyerhofs,  U.Rodhester;  T.  Katsoakas,  P.  Ixd,  K  Lion,  USC;  P.  Chen,  W.  Craddodt, 

C.  K.  Ng,  J.  fencer,  SAC;  Y.  Niahida,  Utsanomfya  U. .  2638 

A  PlatBiaLeat  tod  Acodeeaior  Baaed  DpooMapeticaDy  Driven  Chant  Separation — S  Robertson, 

U.Cokrado  .  2641 

The  NRL  X-Baad  Magaieon  An^ifier  Eityoiainit —  S  H.  Gold,  C.  A  Sullivan.  W.  M.  Manheimer,  NRL; 

B.  Hafiri,  Icmu  Res.  .  2644 

Theoretical  lavetdiation  of  Megaiooa  Efficiency  — B.  Hqflzi,  Icarus  Res.;  S.  H.  Gold,  W.  M.  Manheimer, 

P.  Sprangk,  NRL  .  2647 

Firat  Teat  it  die  X-Baad  Pidaed  Ifagakon — O.  Nethevenko,  1.  Kasaresov,  E.  Kojyrev,  G.  Kuznetsov, 

/.  Makarov,  A  NBdforov,  B.  Persov,  G.  Serdobintsev.  M.  Tbauv,  V.  Yakovlev,  /.  Zapryagaev, 

BDtPRnssia . 


2650 


Five-Vobane  Contents 


TM-FBL  WidiaLoivta^Dil  WiggkrndaD  AanulirBMBn — L.Sckllidtter,T.  J.  Doris,  J.  A.  Nation,  CorneU  26S3 

CAIQ4  aadllaiOMak  Gyio-An^ilifln'ExiMfteBBnts  at  17  CHz — W.  L  Mtmtinter,  B.  G.  Danfy,  S.  AlbeH, 

C.  Chen,  E,  Oigiiet,  J.  L.  RnUier,  R.  J.  Tmnkin,  MIT  .  26S6 

Stability  of  Oyrotwiitiopa  —  P.  E.  Latiaun,  O.  S.  Nusbiovich,  J.  Cheng,  U.  Manriand  .  2659 

OpltanimOpanikmof  OyiotwistroiM — P.  E.  Latitam,  G.  S.  Nnsbuvieh,  V.MaryUmd  .  2661 

litfa  Oibit  (^rraUyalRm  Devdopmant  at  IXM  Alanm — R.  M.  StringfUM,  R.  M.  Wheat,  D.  J  Brown,  M.V.  Fazio, 

J.  Kinross'WH^,  B.  E.  Carbten,  G.  Rodenz,  R.  J.  PaeU,  R.  P.  Ho^erVng,  LANL  .  2664 

IiitialOpanKkaofaIU^PQiw«;K*Band.HafEaaakQyraidystraofbr  Aocicnaor  AppUcttkna — J.P.  Calame, 

H.  W.  Mathews,  W.  Lawson,  B.  Hogan,  M.  K.  E.  Lee,  J.  Cheng,  V.  L  Graaatstein,  M.  Reiser,  C.  D.  Str^fier, 

U.Marykmd  .  2667 

Design  of  a  100  MW,  17  GHz  Second  Haanonk  GyroUystron  Experiment — W.  Lawson,  P.  E.  Latiiam,V.  Speekt, 

M.  K.  E.  Lee,  Q.  Qjlon,  J.  P.  Calame,  B.  Hogan,  V.  L.  Granatstein,  M.  Reiser,  C.  D.  Striffler, 

U. Marykmd .  2670 

Some  CoooqiNs  of  Relativistic  Qyioamidifien  for  Partick  Acoelendoo — G.  SL  Nnsinoridt,  P.  E.  Latiuan, 

V.  L.  Granatstein,  V.  Maryk^  .  2673 

Experimental  Progress  Toward  a  1  OW,  1  ms  Pulae  Length,  Hig^  Cmait  Relarivistk  Klystron — M.  Fazio,  B. 

Caristen,  R.  Faehl,  W.  Haynes,  T.  Kwan,  R.  Stringfleld,  LANL  .  2673 

Relativistic  Plasma  Klystron  AnqtESer  in  Comiecto  with  ^t|dktak»  to  Hi^  Gradient  Accekraton — H.  S.  Vhm, 

NSWC  .  2678 

Sheet-Beam  Klystron  RF  Cavities  —  D.  Yu,  DULY  Res.  Inc.;  P.  Wilson,  SLAC  .  2681 

Beam-Wave  Interaction  in  a  Qnasi-Periodk  Stincture —L.  Schdckter,  J.  A.  Nation,  Cornell  . 2684 

Two-Stage,  High  Power  X-Ba^  AnqdEkr  Eiqtefhnent — B.  Kuai^,  T.  J.  Doris,  J.  D.  Ivors,  G.  S.  KersUdt, 

J.  A.  Nation.  L.Sehaehier,ComeU  .  2687 

Long-Pulse,  HigjlTPower,  X-Band  Relativistic  TtavelingrWave  TUbe  Amplifier — T.  Kmmra,  S.  Alberti, 

B.  G.  Danfy,  R.  J.  Temkin.  MIT  . 2690 

Tqiered  Tube,  Mkmaeoond  Electron  Beam  GyrotronBadcward-Wave  Oscillators — R.M.  Gifyenbach,M.  T.  Walter, 

P.  R.  Menge,  T.  A.  Spencer,  U.  Michigan  .  2693 

Qnkt  Start  and  Anintaslring  for  PARMELA  —  J.  Gonichon,  S.  C.  Chen,  L.  C.-L  Lin,  R.  J.  Temkin,  MIT  .  2696 

Waveguide  Side-WsE  Cou|ding  in  RF  Guns  —  L  C.-L.  Lin,  S.  C.  Chen,  J.  Gonichon,  S.  Trotz,  J.  S.  Wurtele, 

MIT  .  2699 

A  High-Cmreat  Miao-Pulae  Electron  Gun — F.  M.  Mako,  W.  Peter,  FM  Tech.  Inc. .  2702 

Knife-Edge  lUn  Film  Field  Emission  Cathodes— B.  Lee,  H.  P.  Demroff,  M.  M.  Drew,  T.  S.  Elliot, 

T.  K.  Mazmndar,  P.  M.  McIntyre,  Y.  Pang,  D.  D.  Smith,  H.-J.  Treat,  Texas  ARM  .  2705 

Ibe  Oxidiaed  Porous  Silicon  FMd  Emisaion  Ani^ — D.  D.  ^nitit,  H.  P.  Demroff,  T.  S.  Elliott,  T.  B.  Ka^rowicz, 

B.  Lee,  T.  K.  Mazmndar,  P.  M.  McIntyre,  Y.  Pang,  H.-J.  Tirost,  Texas  ARM  .  2708 

Sta^  of  Poem  Silkon  Moiphdogks  for  Eketton  ‘Dansport —  Y.  Pang,  H.  Demroff,  T.  S.  Elliott,  B.  Lee.  J.  Lu, 

V.  B.  Maddnri,  T.  K.  Mazmndar,  P.  M.  McIntyre,  D.  D.  Smith,  H.-J.  Trost,  Texas  ARM  .  2711 

Cold  Teat  Meaeuenwats  of  a  BWO  Sow-Wave  Sttucture  —  W.  Main,  Y.  Carmel,  K.  Ogura,  J.  Weaver,  S.  Watanabe, 

U.  Maryland .  2714 

Collective  Aocekcelor  with  VatiaMe  Eneigy  and  Wide  Spectnan  oi  Accelerated  Ions — R.  Meshcherov,  G.  Batddkk, 

V.  Erasnopoldiy,  V.  Rybalko,  V.  Sazhin.  MRT7  Moscow;  A.  Vasiliev,  MAE  Russia  .  2717 

High  Oradkat  Experimenti  widi  Nanosecond  Pulses  —  V.  Baglin,  H.  Haseroth,  J.  Knott.  CERN; 

F.  Chantard,  SSCL  .  2720 

Developnientflf  tksAlkniaeeEntiyPortforflie  ATF— ZPario,BNL  .  2723 

MipMlie  CrynfMicSt  rad  Ai^nmcnt  Chair:  J.  Strait 

SIBIHS  of  Supenondnctiiv  Magnet  Developnient  (SSC,  RHIC,  LHQ  r/nvtox/ Pqper) —P.  Wanderer,  BNL  .  2726 

Ekclrfcal  rtifftamanffi  Characierirtics  of  die  SSC  Accekrator  Systm  String  Test  (Invited  Paper)  —  W.  Robinson. 

W.  Hargett,  T.  Dembedt,  J.  Gannon,  P.  Kraushaar,  A.  Mdnturff,  T.  Savord,  G.  Tod,  SSCL  .  2731 

OvHview  of  te  Final  Focus  Tm  Beam  AUgnmot  System  —  V.  E.  Bressler,  R.  E.  Ruland,  D.  Plouffe,  SLAC  .  2736 

Long  Tsai  Experience  with  Ctyoplant  Operation  for  SiqwconductingMagnrts  and  RF  Cavities  at  CERN— 

D.  DriUmrit,J.-P.  Denwergae,  P.  K.  Frandsen,  F.  Haug,  G.  Passardi,  J.-M.  Rieubland,  J.  Schmid,  CERN  ....  2739 

AxW  Vaiiatiana  in  die  Magnetic  Held  of  Siqwrconducting  Dqpoks  and  Qoadn^ks — A.  K.  Ghosh,  K.  E.  Robins, 

W.  B.  Smnpson.  BNL  .  2742 

Vobaml:  1-747 
V«imi<2;  748-1640 
VobamtS;  1641-2545 
V<4mM4:  2546-3218 
VofaiMj;  3219-3933 


l,JKpAMjpQBldhyolwtel8ilCli<irictioBRciiMi-~  Oupta,  M.  Anerella,  G.  Gmetis,  M.  Garber. 


A.  0mt,A<3rmmA.Jalm,  S.  Kalm,  &  JEdlFy.  £.  t^Uan,  G.  Mortart,  A.  MorgiUo,  J.  Mwratore,  A.  Prodell, 

M.  Mtkak,  W.  JSoaygflw,  R.  Slum,  P.  Tkemtpem,  P.  Wanderer,  E.  WtUen,  BNL  .  2743 

Potter  pmemtiiouK 

t.* 

l>eri|BafSi9«foo«dactingQiMdn90te  Magnets  liar  CEB APs  Hall  A  Spectraneier — R.  Kreutz,  E.  BrOtseh, 

K.  Dreker,  H.  GrRuAerg,  H.  UUkek^,  W.  Nick,  H.  Pesekel,  B.  Rzeaimka,  F.  Sommer,  P.  Schdfer, 

Stemems  AG  . . . . . . .  2748 

Design  ot  a  Supewondncting  IX^ggler  for  die  PLS  —  B.  K.  Kang,  Y,  M.  Kao,  D.  E.  Kim,  H.  S.  Sea,  Y.  U.  Sohn, 

PektmgrP,  D.  Vatfy,  N.  A.  Mesmtsee,  G.  N.  EMipaiiov,  BINP  .  2731 

CatealarioMof  MegaeticPifrtdfer  AeBndPeaignof  ttieRHIC  AicD^wte  — 5.  A.  Jrflfa,£.  C.  Gupta.  A.  K.  Jain, 

G.  H.  Morgan,  P.  A.  Thompmm,  BNL  . . .  2734 

Cdlider  Scenario  Inq^karions  of  ASST  Ope(Mida<-<- A  D.  Mduturff,  W.  Burgett,  M.  Ckrittianson,  T.  Dombeck, 

J.  Gannon,  D.  Haerud,  P.  Krauakaar,  M.  Levin,  M,  McAshan,  G.  MuBudland,  D.  Murray,  W.  Robinson, 

T,  Savord,  R.  SmeUe,  F.  Spinos,  G.  Tool.  J.  Weisend  U,  J.  Zatopek,  SSCL  .  2737 

ftelfaninaiy  Analysis  of  Coil  Wet^Diniensiooal  Variation  in  SSCProitt^DiiKde  Magnets — D.  Pollock, 

G.  Brown,  S.  Dwyer,  R.  Gattn,  D.  Warner,  SSCL  .  2760 

SSC  String  Test  facility  for  SiycrcondBCting  Magn^  Testing  Capahilities  and  Ptogtam  for  Collider  Magnets  — 

P.  Kraushaar,  W.  Burgett,  T.  Dombeck,  A.  Mdntutff,  W.  Robinson,  V.  Saladin,  SSCL  .  2763 

'V Series RHIC  Arc Quadnqwles — P.  Thotnpsm, M.  Anmrdia,  G.  Genetis,M.  Garber,  A.  Ghosh,  A.  Greene. 

R.  Gupta,  A.  Jain,  S.  A.  Kahn,  G.  Morgan,  A.  MorgiUo,  J.  Muratore,  A.  Prodell,  M.  Rehak,  W.  Sampson. 

P.  Wanderer,  E.  WiUen,  BNL  . . . . .  2766 

Fennilab-Boilt  SSC  Orilider  Dqwles  Using  Low  Temperanire  Curing  Insalatinn  Systems  Wtdi  and  Widiout  CHass 

Ti^  —  T.  S  Jeffery,  R.  Coombes,  A.  Devred,  J.  DiMarco,  T.  Ogitsu,  R.  E.  Sims,  J.  C.  Tompidns,  M.  Wake, 

SSCL:  R  Bossert,  J.  Caraat,  S  W.  Delchamps,  L  Gonczy,  S  Gourlay,  R.  Hanfi,  M.  J.  Lamm,  P.  Mazur. 

D.  Orris,  J.  &raU.  FNAL  . . .  2769 

Design  and  Tests  of  UNK  Supeecondiicting  Correction  Magnet  Models — E  Rybakov,  N.  Bogatov,  I.  Dmitrieva, 

M.  Kosytddn,  Yu.  Severgin,  V.  Fedorov,  V.  Shan'gin,  Ejremov  Inst,;  P.  Chirkov,  S.  Kozub,  K.  Myznikov, 

V.  Sychev,  IHEP  Moscow;  A.  Rychagov,  V.  S)ttnikov,  A.  Taran,  Att-UnUm  RAD  Inst.  .  2772 

Qaencfa  and  Quench  Protection  for  die  SSC  Collider  Correctors  —  A.  He,  SSCL .  2773 

Vviatianinai  Saturation  in  SSC  Collider  Dqmles — R.  C.  G^pat,  A.  K.  Jairt, BNL  .  2778 

Spool  Pieces  at  die  SSCL  —  T.  Cktyton,  Y.  Cat,  R.'^  SmelUe,  S.  Stampke,  SSCL  .  2781 

Quendi  Sinuilations  of  die  40  nun  ^mture  SSC-QuadnqiolB  Magnet  Cormected  in  Series  with  30  nun  Aperture  SSC- 

Diptde  Magnets  —  G.  Ldpez,  SSCL  .  2784 

Eflective  Stress  <rf  the  SSC  80  K  Synchrotron  Radiatioo  Liner  in  a  Otrenching  Dqwle  Magnet  — K.K.Leung, 

Q.  S  Shu.  K.  Yu.  J.  Zbasnik.  SSCL  .  2787 

InqiKoved  CaUe  Insulmion  for  Stqpercondocdng  Mi^nets — M.  AnereUa,  A.  K.  Ghosh,  E.  Kelley,  J.  Schmalzle, 

E.  WiUen,  BNL;  J.  FraMlUg,  J.  Ochsner,  D.  J.  Parish.  DuPont .  2790 

Tteatmem  of  die  Results  of  Magnetic  Mapping  of  die  SIBERIA-2  Magnets  —  V.  Korchuganov,  E.  Levichev, 

A.  PhtUpAeAko,  BINP  .  2793 

Autotype  Quadnqxde  Magnets  for  die  PLS  Storage  Ring  —  Y.  M.  Koo,  D.  E.  Kim,  Y.  G.  Nah,  H.  S.  Han, 

B.  K.  Kang.  K.  H.  Park.  J.  R.  Yoon.  H.  K.  Ue.  J.  E.  Milbum,  Pohang .  2796 

Magnetic  Measurnnmit  Data  (rf  die  Injector  Synchrotron  Dipole  Mi^netsf(H’tte7-GeV  Advanced  Photra  Source — 

K.  Kim,  S  H.  Kim,  L.  R.  Turner,  C.  L.  Doose,  R.  Hogrefe,  R.  Merl,  ANL  .  2799 

Magnre  Measurement  FadiUty  for  die  7-GeV  Advanc^  Rioton  Source  —  5.  H.  Kim,  K.  Kim.  C.  Doose.  R.  Hogrefe, 

R.  Merl,  ANL  .  2802 

Magnetic  Meararements  of  the  Stonge  Ring  Quadnqwle  Magnets  for  die  7-GeV  Advanced  Phottm  Source  — 

5.  H.  Kim,  K.  Kim,  C.  Doose,  R.  Hogrefe,  R.  Merl,  ANL  .  2803 

Design  and  Tests  of  die  Injectm’  Syndnotron  Magnets  for  die  7-OeV  Advanced  Photon  Source  (APS) — K.  Kim, 

S.  H.  Kim,  K.  M.  Thompson,  L.  R.  Turner,  ANL  .  2808 

Final  Analyris  of  the  ALS  Lattice  Magnet  Data— R.XeiIer,LBL  .  2811 

Derign  and  Measurement  of  die  Sextupole  Magnet  for  die  APS  Storage  Ring — L  R.  Turner,  K.  M.  Thompson, 

S  H.  Kim.  K.  Kim.  ANL  . 

A  Pulsed  Sqptum  Magnet  for  die  APS  —  L.  R.  Turner,  D.  G.  McGhee,  F.  E.  MiUs,  S.  Reeves,  ANL  . 


aacS  (vbMM  bMbu  wtk  Mi  /ht-volmm  mbit  af  eamiui 
md  tndt  wM  mi  tumor  ttdix.  IS*  dMmitfi 

ftnmord  and  t  Hit  ef  eotfmtmet  orgimbiri  atd  naff 
tfptm' m  pomt  matur  In  Vtlmtt  t.  A  Hu  of  eotfuutet 
rorthlfuua  frtetdu  dm  aukor  Htda  t»  Vobmm  5. 


2814 

2817 


Five-Volume  Contents 


Tiw  ELETTRA  Stongs  Rmg  Mafoets  —  G.  Petncei,  D.  Tommasmi,  Smc.  Trieste/CERN  .  28^ 

BjqMrieaoe  wilh  tbe  Souice  Evahiato  Boaid  Mediod  (tflYociaiag  Technical  Con^MfMaii  for  the  Fennilab  Main 

Injector  —  D.  J.  HanUng.  J.  P.  CoUiiu,  G.  R.  KobUska,  N.  S.  Chester,  E.  G.  Pewitt,  W.  B.  Fowler.  FNAL  ..  2823 

SaxnqKde  Magnets  for  die  Fennilab  Main  loiiector — D.  J.  HardUtg,  N.  Chester,  R.  Baiod,  FNAL  .  2826 

Design  and  hfeasuiemente  of  Prototype  Ffcrmihd)  Main  Injector  Dqii^  Ent^mdcs —D.  J.  Hardmg,  H.  D.  Glass. 

J.-F.  Ostiguy,  B.  C.  Brown,  F.  A.  Marfinuh,  C.  S.  Mishra,  FNAL  .  2829 

Magn^  hfoasttiemrat  of  Quadnqtole  and  Scodnptde  MagnM  for  the  MIT-Bates  South  HaU  Ring  (SHR)  — 

D.  R.  Tieger,  J.  D.  Zumbro,  W.  W.  Sapp,  MIT  Bates  .  2832 

A  Pennament  Magnet  Dipole  Comctiaii  Elonent  for  the  Tevatron — J.E.  Goodwin,  T.  Anderson,  A.  Franck, 

N.  Geyiand,  H.  Jostlein.  FNAL  .  2835 

Pieciskm  hfoasurement  ThmqKXt  CtHnpoiients  —  P.  Tenenbaum,  J.  K.  Cobb,  D.  R.  Jensen,  D.  Sawyer. 

W.  Wagner,  H.  V.  Wah.  S,  H.  Williams.  SLAC  .  2838 

Measurement  ami  Adpistment  of  OAE  Medical  CychXron  Magnet  —  M.  Fan,  X.  Zhang,  T.  Zhang,  C.  Liang,  Q.  Too, 

Z.  Zhao.  C.  Chu,  T.  U.  Y.  Hu.  Y.  Chen.  H.  Zhang.  H.  Jia,  C.  Jiao.  J.  Liu.  W.  Zhang.  C.  Zhou.  J.  Jiao, 

Y.Hou,  ClAE  China  . .  2841 

Magnetic  Measurement  and  Alignmoit  (tf  die  ELETTRA  Stmage  Ring  Quadiupok,  Sextiqiole  and  Steerer  Magnets  — 

D.  Zangrando,  R.  P.  WaOxr,  Sine.  Trieste  .  2844 

Measurement  and  Coneedtm  of  the  ELETTRA  Storage  Ring  Dipole  Magnets — R.  P.  Waiter,  D.  Zangrando. 

Sine.  Trieste  . . .  2847 

Magnet  Costs  for  die  Advanced  Light  Source — J.Tanabe.J.  Krupniek,E.Hoyer,  A.  Paterson,  LBL  .  2850 

Automatic  Bench  for  Precise  Magnetic  Measurements  of  Linac  Multipole  Focusing  Elements  —  V.  S.  Skaehkov, 

M.  A.  Kozehekin,  R.  P.  Koufitida,  V.  I.  Lulevich,  A.  V.  Setin,  O.  S.  Sergeeva,  TTEP  Moscow  .  2853 

Measurements  of  Loma  Linda  Proton  Tber^  Gantry  Dipoles  —  H.  D.  Glass.  P.  O.  Mazur,  J.  W.  Sim,  FNAL  .  2856 

Techniques  for  Measurement  of  Dipole  Endhelds  widi  a  Rigid  Integrating  Coil  —  H.  D.  Glass,  FNAL  .  2859 

LamimUkm  and  End  Plate  Design  Studies  of  SSCLom^  Energy  Booster  Magnet  Prototypes  —  N.U.SSCL  .  2862 

Design  and  Fabrication  of  a  Multi-Purpose  Panofsky  Magnet — J.  Budniek,  T.  Hall,  D.  Li,  S.  Y.  Lee,  lUCF  .  2865 

Magnetic  Sqita  Design  and  Performance  for  Iqjecdun  and  Extracdmi  to  and  fimm  the  MIT-Bates  Soudi  Hall  Ring 

(SHR)  — R.Averill.  K.  Dow.  H.Ense.J.Flanz.E.Ihloff.M.Farkhondeh.C.  Sibley.  MIT-Bates  .  2868 

Octupole  Magnet  Design  to  die  1/2  Integer  RrMumant  Extiacti<»  of  Electrons  fiom  the  MIT-Bates  South  Hall  Ring 

(SHR)  — R.Averm.J.  Flam,  E.Ihloff.D.  Tieger,  MIT-Bates  .  2871 

Ramped  Quadrupole  Design  and  Perfonnance  to  die  MIT-Bates  Soudi  Hall  Ring  (SHR)  —  R.  Averill,  J.  Flam, 

E.  Ihkff,  D.  Tieger,  MIT-Bates  .  2874 

Lambertson  Upgrade  Program  —  K.  J.  Weber,  FNAL  .  2877 

Onnputer  Studto  of  a  Combined-Fiinction  Bend  Magnet  for  a  Prtqxised  Redesign  of  die  SLAC  SLC  Damping 

Rings  —  R.  A.  Early,  T.  O.  Raubenhamer,  SLAC  . .  2880 

Conqiarison  of  Computer  Predictimis  and  Magnetic  Reid  Measurements  for  an  Iron  Spectrometer  Magnet  — 

G.  T.  Danby,  J.  W.  Jaekson,  W.  Meng,  C.  Spataro,  BNL  .  2883 

Design  and  Performance  of  die  Dipole  Magnet  for  the  SRRC  Storage  Ring  —  C.  H.  Chang,  H.  C.  Liu,  G.  J.  Hwang, 

SRRC  Taiwan  .  2886 

Specific  Features  of  Magnet  Design  to  the  Duke  PEL  Storage  Ring  —  B.  Burnham,  N.  Hower,  V.  N.  Litvinenko, 

J.  M.  J.  Madey,  Y.  Wu.  Duke  .  2889 

Dipole  Design  to  die  EUTERPE  Storage  Ring — J.  I.  M.  Botman,  C.  J.  Timmermans,  B.  Xi.  H.  Heller, 

H.  L.  Hagedoom,  P.  Brinkgreve,  E.  Dekkers,  J.  Moerel,  Eindhoven .  2892 

Design  of  a  Lambntson  Injection  Magnet  to  die  RHIC  Machine  —  E.  Rodger,  N.  Tsoupas,  J.  Claus. 

H.W.Foelsehe.BNL  .  2895 

Combined  AC  Corrector  Magnets  —  A.  J.  Otto-,  P.  A.  Reeve,  TRIUMF;  N.  Marks,  Daresbury  .  2898 

Longitudinal  Profile  and  Effective  Length  of  a  Convendonal  Dipole  Magnet — J.  Ostiguy,  FNAL  .  2901 

Magnetic  Flux  Shielding  for  die  I^»m  g-2  Storage  Ring  Supercmiducting  Inflectors  —  W.  Meng,  W.  B.  Sampson, 

M.  Suenaga.  BNL  .  2904 

Three  Dimensu^  Field  Analysis  for  die  AGS  Combined  Function  Magnets  —  W.  Meng,  M.  Tanaka,  BNL  .  2907 

Survey  and  Aligmnent  Data  Analysis  to  die  ALS  Storage  Ring  —  R.  Keller,  LBL  .  2910 

A  Mechanical  System  for  die  Positioning  of  Accelerator  Magnets  —  R.  Viola,  R.  Martin,  SSCL  .  2913 

PreUminaty  Studies  cm  a  Magneto-Opdcal  Procedure  to  Aligning  RHIC  Magnets  —  M.  A.  Goldman,  R.  E.  Sikora, 

T.  J.  Shea.  BNL  .  2916 


Vobww  1:  1-747 
Volmiet:  74S-I640 
VoUmuS:  I641-2S4S 
Volumes;  2546-3218 
VolmuS:  3219-3933 


ProctetUngs  ofAe  1993  Particle  Accelerator  Coi^ence 


RHIC  Survey  and  Aligmnent  —  F.  X.  Karl,  R.  R.  Anderson,  M.  A.  Goldnum,  F.  M.  Hemmer,  D.  Kazmark,  Jr., 

T.  T.  Mroczkowski,  J.  C.  Roeeklein,  BNL  .  2919 

Effect  (tf  Magnet  Setting  Using  a  Single  Rescmance  CmceUation  Method  on  die  RMS  Oihit  Disuxtion  at  the  APS 

It^jector  Synchrotron  —  F.  Lopez,  R.  Koul,  F.  E.  Mills,  ANL  .  2922 

C^itimal  Magnet  Sorting  Procedure  and  ^plication  to  die  APS  Injector  Synchrotron— R.  K.  Koul,  F.  Lopez, 

F.  E.  Mills,  ANL  .  2924 

Geodetic  Concept  for  die  Storage  Ring  EUTERPE  —  S.  F.  C.  L.  Wetzels,  C.  J.  Timmermans,  G.  A.  Webers, 

P.  H.  J.  Schettdeens,  J.  L  M.  Botman,  H.  L.  Hagedoom,  Eindhoven  U.  of  Tech.  .  2927 

Alignment  of  CEBAF  Crymnodules  —  W.  J.  Schneider,  J.  J.  Bisognano,  J.  Fischer,  D.  R.  Douglas,  K.  Mocha, 

J.  Mammosser,  W.  Oren,  J,  Prdtle,  J.  Robb,  M.  Wiseman,  CEBAF  .  2929 

The  Hydrostatic  Levelling  Systm  (HLS)  /  Servo-Controlled  Precision  Jacks:  A  New  Generation  Altimetric  Alignment 

and  Ccmtrol  System  —  D.  Roux,  ESRF  .  2932 

Control  of  RoD  in  FiducializadtHi  of  Quialrupole  Magnets  for  dw  MIT-Bates  Soudi  Hall  Ring  —  M.  Farkhondeh, 

K.  A.  Dow,  W.  W.  Sapp,  MIT  Bates  .  2935 

Survey  and  Alignment  of  the  MIT-Bates  Soudi  Hall  Ring — M.  Farkhondeh,  K.  A.  Dow,  W.  W.  Sapp,  D.  R.  Tieger, 

MIT  Bates  . 2938 

Magnetic  Measurement,  Fiducialization  and  Alignment  of  Large  Dipotes  for  die  MIT-Bates  SHR  —  M.  Farkhondeh, 

K.  A.  Dow,  W.  W.  Sapp,  J.  D.  Zumbro,  MIT  Bates  . .  2941 

Pulsed  Taut-Wire  Measurement  of  the  Magnetic  Alignment  of  die  ITS  Induction  Cells — J.  G.  Melton,  M.  J.  Bums, 

D.  J.  Honaberger,  LANL  .  2944 

Application  of  PrecisitHi  Mechanical  P-ngineenng  Techniques  to  the  Design  of  a  Moderate  Energy  Beam  Ttanspoit  for 

the  FAA  Explosive  Detection  System  —  R.  Lujan,  K.  Christensen,  LANL  .  2947 

The  Final  Focus  Test  Beam  Laser  Reference  System  —  V.  E.  Bressler,  R.  E.  Ruland,  SLAC  .  2950 

Thermal  Modeling  of  Cryogenic  Accelerator  Structures  —  H.  Muller,  P.  Smidt,  D.  Walend,  J.  Kirchgessner, 

Cornell  .  2953 

Cryogenics  for  die  LEP200  Si^ierconducting  Cavities  at  CERN — D.  GiiseweU,  M.  Barranco-Luque,  S.  Claudet, 

W.  K.  Erdt,  P.  Frandsen,  Ph.  Gayet,  J.  Schmid,  N.  Solheim,  Ch.  Titcomb,  G.  Winkler,  CERN  .  2956 

Measurements  of  die  Ground  Motion  Vibrations  at  die  SSC  —  V.  V.  Paikhomchuk,  BINP; 

V.  D.  Shiltsev,  H.  J.  Weaver,  SSCL  .  2959 

Particle  Sources,  Beam  Formatioii,  and  Matching  Chtdr;  J.  Fraser 

Perfcxmance  of  Photocadiode  RF  Gun  Electron  Acceloators  (Invited  Paper ^  —  /.  Ben-Zvi,  BNL  .  2962 

First  Operation  of  a  High  Duty  Factor  Photoinjector  —  D.  Dowell,  K.  Davis,  K.  FriddeU,  E.  Tyson,  C.  Lancaster, 

L.  Milliman,  R.  Rodenburg,  T.  Aas,  M.  Banes,  S.  Bethel,  P.  Johnson,  K.  Murphy,  C.  Whelen,  J.  Adamsti, 

D.  Pistoresi,  D,  Shofitall,  Boeing;  G.  Busch,  D.  Remelius,  LANL  .  2967 

Opeiatimi  of  die  High  Brightness  LINAC  for  die  Advanced  I¥ee-Electron  LasCT  Initiative  at  Los  Alamos  — 

R.  L.  Sheffield,  R.  H.  Austin,  K.  D.  C.  Chan,  S.  M.  Gierman,  J.  M.  Kinross-Wright,  S.  H.  Kong, 

D.  C,  Nguyen,  S.  J.  Russell,  C.  A.  Timmer,  LANL  .  2970 

Performance  of  Ite  SLC  Polarized  Electron  Source  widi  Hi^  Polarization  —  J.  E.  Clendenin,  R.  K.  Alley, 

H.  Aoyagi,  J.  C.  Frisch,  C,  L.  Garden,  E,  W.  Hoyt,  R.  E.  Kirby,  L,  A.  Klaisner,  A.  V.  Kulikov, 

C.  Y.  Prescott,  PJ.  Sdiez,  D.  C.  Schultz,  H.  Tang,  J.  L.  Turner,  M.  Woods,  A.  D,  Yeremian, 

M.  S.  Zolotorev,  SLAC  .  2973 

Quantum  Efficiency  Measurements  of  a  Copper  Photocadiode  in  an  RF  Election  Gun — P.  Davis,  G.  Hairapetian, 

C.  Clayton,  C.  Joshi,  S.  HarUnan,  S.  Park,  C.  Pellegrini,  J.  Rosenzweig,  UCLA  .  2976 

Hi^-Efficiency  Target-Ion  Sources  for  RIB  Generation  (Invited  Paper)  —  G.  D.  Alton,  ORNL  .  2979 

P^ormance  oi  SSC  Linac  Injector  (Invited  Paper)  —  K.  Saadatmand,  G.  M.  Arbique,  F.  Guy,  M.  Haworth,  J.  Hebert, 

J.  Hurd,  J.  Lenz,  N.  Okay,  D.  Raparia,  SXL  .  2986 

Proposal  for  a  Pulsed  Optically  Pumped  Pobuized  H*  Ion  Source  for  High  Energy  Accelerators — A.  N.  ZelensH, 

INR  Moscow;  C.  D.  P.  Levy,  P.  W.  Schmor,  W.  T.  H.  van  Oers,  G.  Dutto,  TRIUMF;  Y.  Mori,  KEK  .  2991 

Design  and  Perframimee  of  die  Inter-RFQ  Beam  Transport  and  Matching  Sectum  for  die  SAIC  PET  Isotope  Production 

Accelerator —  IP.  D.  Cornelius,  SAIC  .  2994 

Electron  Cyclotron  Resonance  Sources  of  Multiply  Charged  Ions:  Last  Develc^iments  at  Grenoble  —  G.  Melin, 

F.  Bourg,  P.  Briand,  M.  Delaunay,  A.  Girard,  D.  Hitz,  P-  Ludwig.  T.  K.  Nguyen,  M.  Pontonnia, 

Grenoble .  2997 


Each  vobaat  btgUu  mMi  Ms  fivs-vobuos  uMt  o/  coauass 
amt  tads  wM  Mfiva-vobaat  aashor  ladax.  Tht  dudnata's 
foraward  tad  a  list  of  vtafartne*  orgaaittrs  aad  staff 
opptar  as  frtas  atatter  la  Voltuat  I.  A  list  ^  coaffrtaet 
pam^aats  praeadts  tht  aaOtor  ladtx  la  Vobaat  5. 


Five-Volume  Contents 


Poster  pnseHkttitms: 

Design  and  Constnicti<»  of  a  Full  Copper  Photocathode  RF  Gun  —  X.  J.  Wang.  K.  Batchelor,  1.  Ben-Zvi,  D.  Lynch, 

J.  Sheehan,  M.  Woodle,  BNL  .  3000 

Stiedc  Camera  Measurements  of  Electron  Bundi  Length  from  a  Cqiper  Photocathode  in  an  RF  Gun  —  G.  Harapetian, 

P.  Davis.  M.  Everett,  C.  Clayton,  C.  Joshi,  S.  Hartman,  S.  Park.  C.  Pellegrini,  UCLA  .  3003 

Possible  Effioency-Enhancemem  of  Metal  Riotocadiode  for  DISKTRON  Electrostatic  Accelerator  —  T.  Tanabe, 

Y.  Kawamura,  K.  Toyoda,  RIKEN;  D.  Li,  Changchun  Inst.,  China  .  3006 

Cold  Test  of  Rocketdyne  RF  Gun  —  M.  Lampel,  Rockwell:  R.  Zhang,  UCLA  .  3009 

Desipi  and  Consttuctum  of  a  High-Duty-Factor  Photocaduxle  Election  Gun  —  /.  5.  Lehrman,  I.  A.  Bimbaum, 

M.  Cole,  R.  L  Heuer,  E.  Sheedy,  Grumman;  I.  Ben-Zvi,  K.  Batchelor,  J.  C.  Gallardo,  H.  G.  Kirk, 

T.  Srinivasan-Rao,  BNL  .  3012 

An  bniiroved  Thermionic  Microwave  Gun  and  Enuttance-PreservingTranqM)!!  Line  —  hi.  Borland.  ANL  .  3015 

Ejqmfence  widi  a  Radio  Frequency  Gun  tm  die  SSRL  Injector  Linac  —  J.  N.  Weaver,  R.  D.  Genin,  P.  Golceff, 

H.  Mortdes,  J.  Sebek,  SLAC  .  3018 

Design  of  a  High  Duty  Cycle,  Asymmetric  Emittance  RF  Photocathode  Injector  for  Linear  Collider  Applications  — 

J.  B.  Rosenznreig,  E.  Colby  ,  UCLA;  G.  Jackson,  T.  Nicol,  FNAL  .  3021 

Design  of  a  Hi^  Brightness  RF  niotoinjector  for  the  SLAC  Linear  Coherent  Li^t  Source — J.  Rosenzweig.  UCLA; 

L.  Sere^ni,  LNFN  Milan  .  3024 

Perfbnnance  oS  the  SLC  Polarized  Electron  Source  and  Injector  widi  the  SLAC  3  km  Linac  Configured  frir  Fixed  Target 

Experiments  —  A.  D.  Yeremian,  R.  K.  AUey,  J.  E.  Clendenin,  J.  C.  Frisch,  C.  L.  Garden,  L.  A.  Klaisner, 

A.  V.  KuWcov,  R.  H.  Miller,  C.  Y,  I^escott,  P.  J.  Saez,  D.  C.  Schultz.  H.  Tang,  J.  L.  Turner,  M.  B.  Woods. 

M.  Zolotarev,  SLAC  .  3027 

An  In-Situ  Photocatoode  Loading  System  fcM'  the  SLC  Polarized  Electron  Gun  —  R.  E.  Kirby,  G.  J.  Collet. 

K.  Skarpaas,  SLAC  . .  3030 

High  Vintage  Processing  of  die  SLC  Polarized  Electrmi  Gun  —  P.  Sdez,  J.  Clendenin,  C.  Garden,  E.  Hoyt. 

L.  Klaisner,  C.  Prescott.  D.  Schultz,  H.  Tang,  SLAC  .  3033 

Study  of  Non-Linear  Photoemission  Effects  in  m-V  Semiconductres  —  H  Tang.  R.  K.  Alley,  J.  E.  Clendenin. 

J.  C.  Frisch.  C.  L.  Garden.  E.  W.  Hoyt.  R.  E.  Kirby,  L.  A.  Klaisner,  A.  V.  Kulikov,  C.  Y.  Prescott. 

P.  J.  Sdez.  D.  C.  Schultz.  J.  L.  Turner,  M.  Woods.  M.  S.  Zolotorev,  SLAC:  H.  Aoyagi,  Nagoya  U.  .  3036 

Photocathode  Performance  Measurements  for  die  SLC  Polarized  Electron  Gun  —  C.  L.  Garden.  E.  W.  Hoyt, 

D.  C.  Schultz.  H.  Tang.  SLAC  .  3039 

Electron  Quantum  Yields  from  a  Barium  Photocadiode  IHuminated  with  Polarized  Light — M.  E.  Conde, 

S.  Chattopadhyay,  K.-J.  Kim,  K.-N.  Leung,  A.  T.  Young,  LBL;  S.-1.  Kwon,  Kyonggi  U.  .  3042 

The  1992  Polarized  Li^t  Source  —  R.  Alley.  M.  Woods.  M.  Browne,  J.  Frisch,  M.  Zolotorev,  SLAC  .  3045 

Operation  of  a  TlrSiqiidiire  Laser  fta:  the  SLAC  Polarized  Electnm  Source  —  J.  Frisch.  R.  Alley.  M.  Browne. 

M.  Woods.  SLAC  .  3047 

The  Argonne  Wakefield  Accelerator  (AWA)  Laser  System  and  Its  Laser  Pulse  Shaper  —  W.  Gai,  N.  Hill.  C.  Ho. 

P.  Schoessow,  J.  Simpson,  ANL  .  3050 

CANDELA  Photo-injector  The  Mve  Laser — P.  Georges,  P.  Thomas,  Inst.  d'Opt.  Theor.  Appl,  Orsay;  B.  Leblond, 

C.  Travier,  LAL  Orsay  .  3053 

A  Flat-Cadiode  Theimimiic  Injector  for  die  PHERMEX  Radiogrtqihic  Facility  —  T.  Kauppila,  L.  Btdlta,  M.  Bums, 

W.  Gregory,  D.  Honaberger,  S.  Watson,  LANL;  T,  Hughes,  Mission  Res.  Corp.  .  3055 

The  ALS  Gun  Electnmics  System  —  C.  C.  La,  LBL  .  3058 

Witness  Gun  for  die  Argonne  Wakefield  Accelerator  —  J.  Power,  J.  Simpson,  E.  Chojnacki,  ANL  .  3061 

Parametric  Studies  widi  PARMELA  to  Improve  SLC  Performance  —  T.  A.  Jones,  A,  D.  Yeremian,  R.  H.  Miller, 

SLAC  .  3063 

High  Current,  Low  Energy  Electnm  Beams  Produced  During  die  High  Current  Phase  of  a  Pseudospaik  —  T.  Hsu, 

R.  Uou,  M.  A.  Gundersen,  USC;  G,  Kirhnan,  Integrated  App.  Phys .  3066 

Theoretical  and  Eiqierimental  Study  of  Pseudospaik  Electron  Beam  Generation  —  L.  Pitchford,  J.  P.  Boeirf, 

U.  Paul  Sabatier;  V.  Puech,  U.  de  Paris-Sud;  R.  Uou,  M.  Gundersen,  USC  .  3069 

A  y arable  Pulse-Lengdi  Electron  Beam  From  the  Back-Light^  Thyratron  —  R.  Uou,  T.  Hsu,  G.  Roth, 

M.  Gundersen,  USC;  G.  Kirkman,  Integrated  App.  Phys . .  3072 

V<eum€l;  1-747 
Volamet;  74S-/640 
VoUmeS;  I64I-2S45 
Volmmt4:  2546-3218 
VolamtS:  3219-3933 


Proce^imgs  cfthe  1993  Particle  Accelerator  Cortference 


(tee-IMmensioiud  Shnulatiop  Studies  aS  Breakdown  and  Etectrcm  Beam  Geneiatum  Processes  a  Hollow  Cadiode 

Pseudospaik  Discharge  —  S.Y.  Cm,  C.  D.  Striffler,  U.  Maryland  .  3075 

A  High  Brightness  Etoctron  Beam  Produced  by  a  Fenoelectrk;  Cadwde — B.  Jiang,  G.  Kirkman,  N.  Reinhardt. 

Integrated  App.  Physics  .  3078 

The  UV-FEL  at  the  NSLS:  Straight  Injecticm  Configuration  —  X.  Zhang.  J.  C.  Gallardo,  BNL  .  3081 

Progress  on  PEP-n  Injection  R&D  —  E.  Bloom.  F.  Bulos,  T.  Fieguth,  G.  Godfrey,  G.  Loew,  R.  Miller,  SLAC  .  3084 

New  Pre-Injector  of  die  KEK  2.S-GeV  Linac  and  Its  Performance  —  S.  Ohsawa,  I.  Abe,  S.  Anami,  J.-Y.  Choi, 

A.  Enomoto,  K.  Furukawa,  H.  Hanaki,  K.  KaJdhara,  N.  Kamikubota,  T.  Kamitani,  H.  Kobayashi,  Y.  Ogawa, 

T.  Oogoe,  I.  Sato,  T.  Suwada,  Y.  Yamazaki,  M.  Yokota,  KEK;  A.  Asami,  Naruto  U.  .  3087 

Hydrodynamic  Calculations  of  20-TeV  Beam  Ibferactions  with  die  SSC  Beam  Dump  —  D.  C.  Wilson.  C.  A.  Wingate, 

J.  C.  Goldstein,  R.  P.  Godwin,  LANL;  N.  V.  Mokhov,  SSCL  .  3090 

First  Results  Omceming  a  Crystal  Radiator  Derated  to  Positron  Production  by  Photons  fnan  Channeled  Muld-GeV 
Electrons  —  R.  Chehab,  T.  Baier,  P.  Jean,  LAL  Orsay:  X.  Artru,  M.  Chevaltier,  R.  Kirsch, 

J.  C.  Poizat,  J.  RemiUieux,  IPNL  Lyon;  A.  Jejcic,  J.  Maillard,  J.  Silva.  LPC  Paris;  E.  Hourany.  G.  Renou, 

J.  P.  Didelez,  A  Ekcyi,  L.  Rosier,  IPS  Orsay;  V.  N.  Baier,  V.  M.  Katkov,  V.  M.  Strakhovenko, 

BINP  Novosibirsk;  K.  Maier,  MPI  Stuttgart  .  3093 

New  Target  Results  from  the  FNAL  Andproton  Source  —  S.  O'Day,  F.  Bieniosek,  K.  Anderson,  FNAL  .  3096 

High  Current  Radioisotope  Production  with  Solid  Target  System  —  W.  Z  Gelbart,  N.  R.  Stevenson,  R.  R.  Johnson, 

J.  Orzechowski,  F.  CifarelH,  TRIUMF;  F.  Nortier,  NAC  Faure  .  3099 

Isospin  Target-Itm  Source  Shielding  —  M.  M.  Barbier,  Marcel  Barbiet  Inc.  .  3102 

Beam  Raster  System  at  CEBAF  —  C.  Yan,  J.  Beattfcat,  P.  Brindza.  R.  Carlini,  IV.  Vulcan,  R.  Wines,  CEBAF .  3103 

Monitoring  Production  Target  Thickness  —  M.  A.  Oothoudt,  LANL .  3106 

Beam  Loss  Handling  at  the  SSC  —  7.  S.  Baishev,  A.  I.  Drozhdin,  N.  V.  Mokhov,  SSCL  .  3109 

Analytical  Study  of  RFQ  Channel  by  Means  of  the  Equivalent  Charges  Model  —  V.  M.  Pirozhenko,  O.  V.  Plink, 

MRTI  .  3112 

Design  of  an  80-MHz  RFQ  Linac  for  Heavy  Ions  —  O.  Takeda,  Y.  Tanabe,  K.  Satoh,  S.  Kawazu,  Toshiba; 

Y.  Oguri,  M.  Okamura,  T.  Hattori,  Tokyo  Inst,  of  Tech .  3115 

Operational  Characteristics  of  a  100-mA,  2-MeV  Radio-Frequency  Quadtupole  —  K.  F.  Johnson,  W.  B.  Cottingame, 

G.  O.  Bolme,  C.  M.  Fortgang,  W.  Ingalls,  J.  Marquardt,  D.  P.  Rusthoi,  0.  R.  Sander,  M.  Smith, 

G.  T.  Worth,  LANL  .  3118 

Analysis  of  the  End  Regions  of  the  CERN  Lead-Ion  4-Rod  RFQ  —  V.  A.  Andreev.  UEP  Moscow;  A.  Lombardi. 

G.  Parisi,  INFNUgnaro;  M.  Vretenar,  CERN  .  3121 

90*-Apart-Stem  RFQ  Structure  for  Wide  Range  of  Frequencies  —  V.  A.  Andreev,  TTEP  Moscow;  G.  Parisi, 

INFN  Legnaro  . 3124 

The  SSCL  RFQ  System  Integration  —  G.  Arbique,  A.  Calo,  C.  Cuevas,  P.  Datte,  D.  Evans,  J.  Hurd,  E.  Marsden, 

K. Saadatmand,J.  Sage.  SSCL  .  3127 

SSC  Radio-Frequency-Quadrupole  Beam:  Cortqrarison  of  Experimental  and  Simulated  Results  —  F.  W.  Guy, 

J.  W.  Hurd,  D.  Raparia,  K.  Saadatmand,  W.  A.  Whittenberg,  SSCL  .  3130 

Mechanical  Integration  of  an  RF  Volume  Source  and  Einzel  Lens  LEBT  to  die  SSC  RFQ  —  R.  A.  Valicenti, 

J.  Lent,  N.  C.  Okay,  L.  Plesea,  K.  Saadatmand,  SSCL  .  3133 

Segmented  Resrmandy  Crapled  Radio-Frequency  Quadrupole  (RFQ)  —  L.  M,  Young,  LANL  .  3136 

Experiments  with  die  High  Current  RFQ  I^ototype  fw  GSI  —  A.  Kipp  t,  A.  Schempp,  H.  Deitinghoff,  J.  MadJung, 

T.  Ludwig,  K.  Volk,  O.  Engels,  A.  Firjahn-Andersch,  H.  Vormann.  Inst.  f.  Angew.  Physik  .  3139 

Transport  of  Ions  in  RFQ-Accelerators  —  J.  Dehen,  W.  Barth,  A.  Schempp,  H.  Deitinghoff, 

Inst.  f.  Angew.  Physik  .  3142 

An  ESQ  Lens  System  for  Low  Energy  Beam  Transport  Experiments  on  the  SSC  Test  Stand  —  S.  K.  Guharay, 

C.  K.  Allen,  M.  Reiser,  U.  Maryland;  K.  Saadatmand,  SSCL  .  3145 

Test  of  die  Transport  Prc^ierties  of  a  Helical  Electrostatic  Quadrupole  and  (^uasi-Octupole — L.  Xiu,  S.  Ohnuma, 

K.  Wang,  U.  Houston;  C.  R.  Meitzler,  Y.  Xu.  Sam  Houston  State  U.  .  3148 

Omiparison  of  Experimental  and  Simulated  Results  for  the  SSC  LEBT — J.  W,  Lenz,  J.  Hebert,  N.  Okay, 

D.  Raparia,  K.  Saadatmand.  SSCL  .  3151 

Axial  Magnetic  Field  Lens  widi  Permanent  Magnet  —  Y.  Iwashita,  Kyoto  U.  .  3154 

Design  of  a  Merging  Beamlet  Pre-Acceleratw  for  an  Electrostatic  Quadrupole  Accelerator  (ESQ)  —  C.  F.  Chan, 

M.  C.  Vella.  LBL  .  3157 

Low  Energy  H"  Injectin'  Design  for  SSC  RFQ  —  C.  F.  Chan,  K.-N.  Leung,  LBL  .  3160 


Each  vobaac  bcgliu  with  this  ftvt-volamt  table  of  coiUtiUs 
and  cuds  wM  dte  fivt-vobana  author  Index.  The  chairmen't 
foreword  and  a  list  of  conference  organisers  and  staff 
appear  as  ffont  master  In  Voinme  I.  A  list  of  conference 
parthdpantt  precedes  the  anthor  Index  In  Voinme  5. 


Five-Volume  Contents 


LiOliim  Lens  for  Focusing  Prottos  on  Tirgst  in  the  FCnnilab  Antiproton  Source  —  F.  M.  Bieniosek,  K.  Anderson, 

FNAL  .  3163 

b^ector  Design  for  Hi^-Cunent  CW  Proton  Linacs  —  R.  R.  Stevens,  Jr.,  J.  D.  Sherman,  J.  D.  Schneider,  LANL  ...  3166 

A  Hi^  Power  Long  Pulse  RF-Driven  H*  Source — J.  W.  Kwan,  G.  D.  Ackerman,  W.  S.  Cooper,  G.  J.  deVries, 

K.  N.  Leung,  R.  P.  WeUs,  LBL  .  3169 

Initial  Operation  of  foe  CW  8X  H*  Itm  Source  Discharge — H.  V.  Smidt,  Jr.,  P.  Allison,  C.  Geisik, 

D.  R.  SdmUt,  J.  D.  Schneider,  J.  E.  Stelzer,  LANL  .  3172 

Volume  H~  Ion  Source  Develmmient  at  LAMPF  —  R.L  York,  D.  Tupa,  D.  R.  Swenson,  R.  Damianovich, 

LANL  .  3175 

Further  Development  wifo  Heavy  Ion  Sources  at  Brooifoaveo  National  Laboratory's  Tandem  Van  de  Oraaff  Facility  ~  - 

M.  J.  Zarcone,  D.  B.  Steski,  K.  S.  Smith,  P.  Thieberger,  BNL  .  3178 

A  Dual-Optically-Punqted  Polarized  Negative  Deuterium  Ion  Source  —  Y.  Mori,  Id.  Kinsho,  KEK  .  3181 

The  lUCF  Hig^  Intensity  Polarized  Ion  Source  Project  —  M.  Wedekind,  R.  Brown,  V.  Derenchuk,  D.  Friesel, 

J.  Hicks,  P.Schwandt,IUCF  . . .  3184 

'Hie  High  Cunent  Ion  Source  System  HOLCROSS  —  N.  R.  Lobanov,  MEPI  Moscow  .  3187 

Positive  Hydrogen  I<m  Beam  Productitm  bv  an  RF-Dtiven  Multicusp  Source  —  K.  N.  Leung,  D.  A.  Bachman, 

P.  R.  Hen,  D  S.  McDonald,  L.  f.  Perkins,  LBL;  M.  Olivo,  PSI  .  3190 

Measurements  of  Emittance  auC  Species  Fractions  of  a  Positive  Hydrog^  Icm  Beam  Extracted  from  an  RF-Dtiven 

Multicusp  Source  —  G.  Gammel,  T.  W.  Debiak,  S.  Melnychuk,  J.  SredniawsH,  Grumman  .  3193 

A  New  Design  cf  foe  Sjaitter  Type  Metal  Ion  Source  and  Its  Characteristics  of  Ion  Beam  Extraction  —  W.  Kim, 

B.  H.  Choi,  J.  T.  Jin,  K.-S.  Jung,  Korea  Atomic  Energy  Res.  Inst.;  S.  H.  Do,  Pusan  Nat.  Fishers  U.; 

K.  H.  Chung,  Seoul  Nat.  U.  .  .  3196 

Ion  Source  for  foe  Heavy  Ion  Induction  Linac  System  E}q>eriment  ILSE  —  S.  Eylon,  E.  Henestroza, 

W.  W.  Chupp,  S.  Yu,  LBL  .  3199 

On  foe  Magnetic  Compression  and  Guiding  of  Electron  Beams  in  EJ3.I.  S.  or  EJ3.LT — J.  L.  Bobin,  E.  Mercier, 

UPMC  Paris;  G.Giardino,LPAN  .  3202 

Choice  of  Hexr^le  Parameters  for  ECR  Ion  Source  —  V.  P.  Kukhtin,  E.  A.  Lamzin,  Yu.  P.  Severgin, 

S.  E.  Sytehevsky,  Efremov  Inst.  .  3205 

Stripping  Efficiences  for  ITJ  MeV/amu  Gold  Beam  oa  Copper  Foils  —  T.  Roser,  BNL  .  3207 

Management  of  Hi^  Current  Transients  in  foe  CWDD  Injector  200  kV  Power  System — J.A.  Carwardine,  G.  Pile, 

AEA  Tech.  CuUutm  Lab;  T.  E.  Zinneman,  ANL  .  3210 

Design  and  Results  of  foe  Radio  Frequency  Quadrupole  RF  System  at  foe  Sttymcorxfaicting  Super  Collider 

LaboraUny  —  J.  Grippe,  E.  Marsden,  O.  Marrufo,  SXL;  A.  Regan,  D.  Rees,  C.  Ziomek,  LANL  .  3213 

Initial  Operation  and  Beam  Characteristics  of  foe  UCLA  S-Band  ^oto-Injector  —  C.  Pellegrini,  N.  Barov,  P.  Davis, 

G.  Hairepetian,  S.  C.  Hartman,  C.  Joshi,  S.  Park,  J.  Rosenzweig,  G.  Travish,  R.  Zhang,  UCLA  .  3216 

Volume  5 

Multiparticle  Beam  Dynamics  Chair:  M.  Reiser 

Mefoods  of  frnpedaitoe  Calculation  f/nviredPqperj  — R.  L.  Gluckstem,  Maryland  .  3219 

Space-Charge  Calculations  in  Synchrotrons  (Invited  Paper)  —  S.  Machida,  SSCL  .  3224 

Advanced  Computers  and  Simulation  (Invited  Paper)  —  R.  D.  Ryne,  LANL  .  3229 

Measured  Optimum  BNS  Damping  Configuration  of  the  SLC  Linac — J.  T.  Seeman,  F.-J.  Decker,  R.  L.  HoUzapple, 

W.  L.  Spence,  SLAC  .  3234 

Single  Beam  Phenomena  in  BEPC  —  Z.  Y.  Guo,  X.  Bed,  G.  X.  Li,  J.  Qin,  Q.  Qin,  G.  Xu,  C.  ZJumg,  X.  L.  Zhang, 

Z.  T.  Zhao,  IHEP,  Academia  Sinica  .  3237 

High  Intensity  Bunch  Lengfo  bistabilities  in  foe  SLC  Damping  Rings  —  P.  KrejeUt,  K.  Bane,  P.  Corredoura, 

F.-J.  Decker,  J.  Judkins,  T.  Umberg,  M.  Minty,  R.  H.  Siemann,  SLAC;  F.  Pedersen,  CERN  .  3240 

Investigation  on  Relaxations  in  Electron  Beams  —  A.  Aleksandrov,  N.  Dikansky,  N.  Ch.  Kot,  V.  Kudelainen, 

V.  A.  Lebedev,  P.  Logachov,  BINP;  R.  Calabrese,  G.  Ciullo,  V.  Giddi,  G.  Lame>'  a,  P.  Lenisa,  B.  Maciga,  L 

Tecchio,  B.  Yang,  INFN  .  3243 

Studies  of  Multipass  Beam  Breakup  and  Energy  Recovery  Using  foe  CEBAF  Injector  Linac — N.  S.  Sereno, 

L.  S.  Cardman,  U.  Illinois;  G.  A.  Kraffl,  C.  K.  Sinclair,  J.  J.  Bisognano,  CEBAF  .  3246 

VoboM  1;  1-747 
VcbmuZ;  748-1640 
VobmtS:  1641-2545 
Volmiu4:  2546-3218 
Volmit5:  3219-3933 


4 


Proeeedii^  1993  Particle  AccdmOm^  Conference 

PeaitrpnsmMloiis: 

Tbe  T aiid.*nnuisvene  Beam  Pynamka  Simalatkm  in  the  MMF  Storage  Ring  —  V.  A.  Moiseev, 

INR  Moscow  .  3249 

Oontiol  of  LoogRudinil  Instabilities  in  die  LEB  —  T.L.  Grimm,  P.  D.  Coleman,  SSCL  .  32S2 

Simulttioii  of  die  Transverse  Dipole  Mode  Mnldbuncb  Instability  for  die  SSC  Collider — S.  Chen, 

G.  Ldpez.  SSCL  .  3255 

HCAf  RF  Cavity  Dantyus  for  Suppressing  Coupled  Bunch  Instabilities  in  die  Fbrmilab  Booster — D.  Wildman, 

FNAL;K.Harkay,  Purdue  .  3258 

Longitudinal  Instabilities  in  die  MEB — J.  A.  PeJkavic,  SSCL  .  3261 

A  hfew  Formulation  of  Loogitiidinal  Ccdierent  Instabilities  —  S.  Y.  Zhang,  W.  T.  Weng,  BNL  . . .  3264 

Three-Dimensiaoal  Simulati^  for  Accelerator  Physics  Using  ARQUS  — A.  MondeUi,  A.  Mankofsky,  J.  PetiUo, 

W.  Krueger,  C.  Kostas,  A.  Drobot,  SAIC;  R.  Ryne,  R.  K.  Cooper,  G.  Rodenz,  M.  J.  Browman,  LANL  .  3267 

A  Higher-Older  Moment  Simulation  Model  —  K.  T.  Tsang,  C.  Kostas,  A.  MondeUi,  SAIC  .  3270 

CcdlMtive  ERfocts  of  die  PLS  2  GeV  Storage  Ring  —  M.  Yoon,  J.  Choi,  T.  Lee,  Pohang .  3273 

Nonlinear  Evolutkm  of  Longitudinal  Bunched-Beam  Instabilidn — A  Gerasimov,  FNAL  .  3276 

Muld-Bundi  Dynamics  in  Accelerating  Structures  Including  Interactkui  widi  Higher  Order  Modes — M.  Ferrario, 

F. Teszik>U,INFN-lJIF;L.Serafini,INFN  Milano  .  3279 

Generation  of  Space-Charge  Waves  due  to  Localieed  Perturbations — J.  G.  Viang,  D.  X.  Wang,  D.  Kehne,  M.  Reiser, 

U.  Maryland  .  3282 

Three  Dimensional  Multipole  Decomposition  of  Reids  —  K.Hahn,LBL  .  3285 

Multi-Bunch  Beam-Break-Up  Studies  far  a  SWFEL/TB  A  —  J.  S.  Kim,  A.  M.  Sessler,  LBL;  D.  H.  Whittum, 

KEK;  H.  Henke,  TV  Berlin . 3288 

RF  Noise  Revisited:  The  ^Gsct  of  Ctdierence  —  A.  Gerasimov,  FNAL;  S.  Y.  Lee,  Indiana  U.  .  3291 

TSD  Versus  TRL  Calibration  and  Applicatitms  to  Beam  Impedance  Measurements — M,  Foley,  P.  Colestock, 

E.  Barsotti,  Jr.,  FNAL  .  3294 

Recent  Study  of  Beam  Stability  in  die  PSR  —  T.  Wang,  R.  Cooper,  D.  Fitzgerald,  S.  Frankie,  T.  Hardek,  R.  Hutson, 

R.  Maeek,  C.  Ohmori,  M.  Plum,  H.  Udessen,  C.  Wilkinson,  LANL:  E.  Colton,  DOE;  D.  Neuffer,  CEBAF; 

G.  Rees,  RAL  . 3297 

Inqiedaiice  Bu^t  and  Beam  Stability  Analysis  of  die  Fermilab  Main  Iryector — M.  A.  Martens,  K.  Y.  Ng,  FNAL  ..  3300 

Trqiped  Ions  a^  Beam  Ctdierent  Instability  —  P.  Zhou,  P.  L.  Colestock,  S.  J.  Werkma,  FNAL  .  3303 

Comparison  die  Coupled-Bundi  Mode  Theory  to  Experimerual  Obsovatums  in  die  Feimihd>  Booster — 

K.  C.  Harkay,  Purdue:  P.  L,  Colestock,  FNAL  . . .  3306 

Measurement  of  Tr^ped  Itm  Pockets  and  Control  of  Icm  Instidiilities  in  die  Fnmilab  Antiprotcm  Accumulator — 

S.  J.  Werkema,  K.  D.  FuUett,  P.  Zhou,  FNAL  . . . . .  3309 

Study  (rf  Possible  Energy  Upgrade  fn:  die  ALS  Modeling  of  die  "Real  Lattice"  for  die  Diagnosis  of  Lattice 

Problems  —  M.  Meddahi,  J.  Bengtsson,  LBL  .  3312 

Study  of  Coupled-Bunch  Collective  Effects  in  die  PEP-II  B-Factoty  —  J.  Byrd,  LBL  .  3315 

Study  of  Coipled-Bundi  Collective  Effects  in  die  ALS  — J.  M.  Byrd,  J.  N.  CorlettJLBL  .  3318 

Time  Dmnain  Sohitions  for  a  Coasting  Beam  widi  htpedance  Feedback — M.  Blaskiewicz.  BNL  .  3321 

Longitudinal  hnpedance  and  Stability  Thresholds  of  die  AGS  Booster ->■  3/.  Blaskiewicz,  BNL  . .  3324 

Calculation  of  die  Bunch  Lengthening  Threshold  —  X.  T.  Yu,  J.  S.  Wurtele,  MIT  .  3327 

Conputation  of  Longitudinal  Bunched  Beam  Instability  Thre^lds — R.  Baartman,  TRIUMF;  M.  D'Yachkov, 

U.  British  Columbia  .  3330 

Bunch  Lengthoung  Observed  Using  Real-Time  Buncfa-Lengdi  Monitor  in  die  TRISTAN  AR  —  T.  lari,  KEK  .  3333 

Ttmisvase  Stability  in  Multibundi  Mode  for  CUC  —  G.  Guignard,  CERN  .  3336 

Simulations  of  the  Longitudinal  Instability  in  die  SLC  Danping  Rings  —  K.  L.  F.  Bane,  SLAC;  K.  Oide,  KEK 3339 

Multibunch  Beam  Break-Up  in  DPmed  Structures  —  K.  A.  Thompson,  C.  Adolphsen,  K.  L.  F,  Barte,  SLAC  .  3342 

Lrapitudirul  Head-Tad  Instidnlity  in  a  Non-Harmonic  Potential  Wed  —  B.  Chm,  A.  W.  Chao,  SSCL  .  3345 

Bunch  Lengdiening  Qfect  and  Localized  Impedance — B.  Chen,  A.  W.  Chao,  SSCL  .  3348 

Experimental  Reduction  of  Electron  Beam  Breakup  Instability  Using  External  Coupled  Cavities — P.  R.  Menge, 

R.  M.  Gilgenbach,  Y.  Y.  Lau,  M.  Walter,  C.  H.  Ching,  U.  Michigan  .  3351 

Beam  Breakip  in  an  Annular  Beam  —  Y.  Y.  Lau,  J.  W.  Luginsland,  R.  M.  GUgenbach,  U.  Michigan  .  3354 


Eoek  V0bmu  btU"*  wM  tUt  Jht-vobmm  tMt  ef  eaumti 
MrfMSfwMrtcitw-voiMMftorMoc.  Vm  dubmm't 
fartmord  md  a  tt$t  ef  eoefneiiee  orttudma  and  tuff 
appear  ae  paat  matter  In  Vabaaa  1.  A  ttu  ef  eeaftrenee 
parUelpenit  preeadet  the  an^  Index  In  Valamt  5. 


Five-Volume  Contents 


RF  Focusing  BfSBcttaadliifnM'BimdiBemBiMkiV)  la  Siq>erooiiductii^line«CoOkkn — J.RMeneveig, 

S.  Hartman,  J.  Stevens,  UCLA  . . .  3357 

Reqniwd  QwityHl^dDflfagCnlcttlniDd  from  PwbrttBitylWmaies  of  Coupied  Bunch  InsttbOities  in 

tbe  APS  Ring^  L.  Emery,  ANL  . .  3360 

Meastonmeat  and  Aiudysit  of  Trantveae  Bem  l^vste  Fnnetloot  in  die  Fenailab  Main  Ring  —  P. /.  Ciuw. 

G.  Jackson,  FNAL  .  3363 

Observation  <rf  a  Short  Bimcfa  Train  Loogitndinal  InMMUty  tai  the  Fcnnilab  Main  Ring — X.  Lu. 

G.  Jackson,  FNAL  .  3366 

Suppression  of  Longinidinal  Coiqded-Bund>  brtabilities  by  a  Passive  Higher  Harmonic  Cavity  — 

R.  A.  Bosch,  C.  S  Hsue,  SRRC  Taiwan  . . .  3369 

The  Lcmgitudinal  Coqding  Impedance  of  a  Slot  on  die  SSC  Collider  Liner —  V.  Thiaganufan,  SSCL  .  3372 

Impedance  of  a  Small-Gap  Undulator  Vacuum  Qumber — K.  Bane,  SLAC;  S.  Krinsfy,  NSS-BNL  .  3375 

A  Formula  for  die  High  Frequency  Longitudinal  Inqiedance  of  a  Tube  IK^th  Smoodity  Varyhig  Radios  — 

R.  L.  Wamock,  SLAC  .  3378 

A  Bench  Set-Up  for  Low-Beta  Beam-Current  Test  Measuimnents  widi  COSY  —  Ch.  GOnBier,  A.  Schnase,  H.  Meuth, 

IKP  JUHch:  F.  Caspers,  CERN  .  3381 

A  Generalized  Model  for  Parametric  Coupling  of  Longitudinal  Modes  in  Synchrotrons — P.  L.  Colestodc,  L.  Klamp, 

FNAL  . 3384 

Umgitudinai  Coupling  Inqndanoe  of  a  Cavity  —  I.  Gjaja,  R.  L.  Gludcstem,  U.  Maryland  .  3387 

Transverse  TmpwdMiflit  of  an  Iris  in  a  Beam  Pipe  —  S.  Jiang,  R.  L  Gbickstem,  U.  Maryland;  H.  Okamoto, 

Kyoto  U.  .  3390 

RF  Charactreistics  of  tbe  APS  Storage  Ring  Isolation  Valve  —  J.  J.  Song,  R.  L.  Kustom,  ANL  .  3393 

Coupling  Inqiedance  of  Vacuum  Punqnng  Holes  for  die  Al^  Storage  Ring — J.  Hunt,  J.  J.  Song,  R.  L  Kustom, 

ANL  .  3396 

Impedance  Formalism  for  tai  Arbitrary  Cumulative  Instability — X.  T.  Yu.  J.  S.  Wurtele,  MIT;  D.  H.  Whitium, 

KEK  .  3399 

Lcmgitudinal  Inqiedance  of  a  Prototype  Kicdcer  Magnet  System  —  H.J.  Tran,  M.  J.  Barnes,  G.  D.  Wait,  Y.  Yon, 

TRIUMF  .  3402 

Beam  Coiqiling  Inqiedance  Measurements  and  Simulatiaas  of  a  Beam  Pqie  Liner  widi  Pumping  Hides  or  Slots  — 

E,  Ruiz,  L.  Walling,  Y.  Goren,  N.  Spayd,  SSCL  .  3405 

Measurement  and  Conqwtation  of  die  Higher  Order  Modes  of  die  ALS  500  MHz  Accelerating  CavitiBS  — 

J.N.CorUtt,J.M.Byrd,LBL  .  3408 

Impedance  Measutmnents  erf  Components  fat  die  ALS  — J.  N.  Corlett,  R.  A.  Rimmer,  LBL  . .  3411 

Advances  and  A^ilications  of  ABCI  —  Y.  H,  Chin,  LBL  .  3414 

On  Coupling  Imp^nces  of  Pumping  Holes — 5.  S.  Kurennoy,  SSCL  . 3417 

Using  a  Ceramic  Chamber  in  iddrer  Magnets  —  S.  S.  Kurennoy,  SSCL  .  3420 

An  Analytical  Tteatmnit  of  Self  Fields  in  a  Relativistic  Bundi  of  Charged  Particles  in  a  Circular  Orbit — J.L.  Delhez. 

J.  M.  A.  Hofinan,  J.  1.  M.  Batman,  H.  L.  Hagedoom,  W.  J.  G.  M.  Kleeven,  G.  A.  Webers, 

Eindhoven  U,  of  Tech .  3423 

Transverse  Wake  Fidds  in  die  CLIC  Transfer  Structure  —  G.  Guignard,  G.  Carron,  A.  MUlich,  L  Thomdahl, 

CERN  .  3426 

The  LEP  Inqiedance  Model  —  D.  Brandt,  K.  Cornetts,  V.  Danilov,  A.  Hofmann,  C.  JuiUard,  E.  Perevedentsev, 

E.  Peschardt,  E,  Rossa,  F.  Tecker,  D.  Wang,  B.  Tatter,  CERN;  L.  Rivkin,  PSI  .  3429 

hiqiedance  Calculations  fta  die  Inquoved  SLC  Oanqiing  Rings  —  K.  L.  F.  Bane.  C.-K.  Ng,  SLAC  .  3432 

Broadband  Impedance  of  Azimudially  Symmetric  Devices  in  RHIC  —  V.Mane.BNL  .  3435 

Software  Development  with  Two  Port  Calibratiem  Techniques  for  RHIC  Impedance  Measurements  —  V.  Mane, 

T.  Shea,  BNL  .  3438 

Resistive  Wall  Wake  Function  for  Arbitrary  Pipe  Cross  Section  —  K.Yokoya,KEK  .  3441 

Impedance  of  a  Perforated  Liner  and  Its  Impact  on  die  SSC  Collider — W.  Chou,  T.  Barts,  SSCL  .  3444 

A  Generalized  Mediod  for  Calculating  Wate  Potentials  —  O.  Napoty,  Saciay;  Y.  H.  Chin,  LBL;  B.  Totter,  CERN  ...  3447 

The  lUBtaction  of  a  Beam  Widi  a  Beam  line  Hi^mr-Order-Mode  Absoiber — W.  Hartung,  K.  Ahcd,  J,  DeFord, 

T.  Hays,  J.  Kirchgessner,  D.  Metzger,  D.  Moffat,  H.  Padamsee,  D.  Rubin,  M.  Tigner.  A.  Tribendis, 

V.  Veshcherevich,  Cornell  .  3450 

Persistntt  Wakefields  Associated  widi  Waveguide  Danqring  of  Higher  Order  Modes — N.  M.  Krott,  X.  Un, 

UCSDISLAC  .  3453 

Vobmu  I;  1-747 
.  Vobmt  2:  74S-I640 
Vcbm*3:  1641-2545 
Vobim*4:  2546-3218 
VoboMS:  3219-3933 


PnetttSngx  1993 Particle  Accelerator  Cor^ence 


PBrtintmtkttThaaqr  of  Impeding — S.  Ht^kts,  SIAC  . . .  34S6 

BrotdbMdbqMdMkBeofdieBI^Ktocy  —  S.Hti^,SLAC  . 3459 

StD^  of  a  Detuned  Accelentfaif  Section  Widi  die  Computer  Pn^nm  PROO(W  —  S.A.  He^ets,  S.  A.  Khetfets, 

SLAC  .  3462 

Estimmioa  of  Broed  Band  Inqiedance  of  die  SPriog-8  Stonge  Rtef — T.  Nakamura,  JAERI .  3464 

HeadfOn  and  Long  Range  Beam<Beam  Tune  Shift  Spread  in  die  —  G.  Ldpez.  5SCL  .  3467 

Beam-Beam  Eflbcts  wi&  Erron  in  die  Crab  Coo^pensation  — D.  Sagan,  Cornell  .  3470 

A  Strong-Stioog  Shnulation  on  die  Beam-Beam  Effect  in  a  Linac/Ring  B-Factoty — R.  Li,  J.  J.  Bisognano, 

CEBAF  .  3473 

Some  A^ects  of  die  Lcmg  Range  Beam-Beam  Interaction  in  Storage  Rings — A.  B.  Tenaykh,  INP;  J.  J.  Welch, 

Cornell  . 3476 

Eiqieriniental  Study  of  Crossing  Angle  Cdlision  —  T.  Chen,  SLAC;  D.  Rice,  D.  Rubin,  D.  Sagan,  M.  Tigner, 

Cornell  .  3479 

Beam-Beam  Experiments  in  die  Tevatton  —  D.  Siergiej,  G.  Goderre,  FNAL  .  3482 

Beam-Beam  Effects  for  die  PEP-n  B  Factory  —  M.  A.  Furman,  LBL;  J.  R.  Eden,  U.  Washington .  3485 

Equivatem  Equatioos  and  Incoiment  Lifetime  Catoilated  frnn  e'*'e*  Beam-Beam  Simulatkm  —  Y.  Orlov,  Cornell  .  3488 

Steilation  of  Beam-Beam  Effects  in  Electnm-Position  Rings — K.  Hirata,  S.  Matsumoto,  KEK  .  3491 

Loi^iludinal  Beam-Beam  Effects  in  Circular  Cdliders — M.  Hogan,  J.  Rosenztveig,  UCLA  .  3494 

Strong-Weak  Beam-Beam  Simulation  widi  a  Six  IMmenaion  SynqilMtic  Code  —  Y.  Funakoshi,  H.  Koiso,  KEK  .  3497 

SyndootroD  Bemn-Loading  Stability  widi  a  Higher  RF  Harmonic — T.  F.  Wang,  LANL  .  3500 

Compensation  of  Bunch  Position  Shift  Using  Sub-RF  Cavity  in  a  Damping  Ring  —  K.  Kubo,  T.  Higo, 

S.  Sakanaka,  KEK  . 3503 

Analytic  Criteria  fer  Stability  of  Beam-Loaded  RF  Syslmns  —  S.  R.  Kosciebiiak,  TRIUMF  . .  3506 

Beam  Loading  Effect  in  SSCL  Coupled  Cavity  Linac  —  Yu.  Senichev,  R.  Cutler,  J.  Hurd,  D.  Raparia,  SSCL  .  3509 

Ihe  Ion  Cor  Density  in  Electron  Storage  Rings  widi  Clearing  Electrodes  —  E.  V.  Bufyak,  Kharkov  Inst.  .  3512 

C^ieration  at  the  C^AF  Linac  with  Hi^  Beam  Loading  —  L.  Merminga,  J.  J.  Bisognano,  C.  Hovater,  G.  A.  Krafft, 

S.  N.  Simrodc,  CEBAF;  K.  Kubo,  KEK  .  3515 

An  Idea  of  Dynanncal  Cooliiig  of  Eleetton  Beam  in  SR  Ring  —  S.  Koto,  Osaka  U.  .  3518 

The  Principle  of  Ultra-Fast  Automatic  Cooling  for  Beams  —  S.  Gao,  G.  Qian,  CIAE .  3521 

On  the  Longitudinal  Stability  of  Cooled  Coasting  Imi  Beams  —  5.  Nagaitsev,  lUCF .  3524 

Crystalline  Beam  Ground  State  —  J.  Wei,  BNL;  X.  Li,  Rutgers;  A.  M.  Sessler,  LBL  .  3527 

Confinmnent  and  Stability  of  a  Crystal  Beam — A.  G.  Ruggiero,  BNL  .  3530 

Bunched  Beam  Stochastic  Cooling  in  die  FOrmilab  Tevatrem  Collider — G.  Jackson,  E.  Buchanan,  J.  Budlong, 

E.  Harms,  P.  Hurh,  D.  McGinnis,  R.  Pasquinelli.  D.  Peterson,  D.  Poll,  P.  Seifrid,  FNAL  .  3533 

Longitudinally  Space  Charge  Dominated  Beams  in  a  Synchrdnm  —  T.  J.  P.  Ellison,  5.  S.  Nagaitsev,  M.  S.  Ball, 

D.  D.  Caussyn,  M.  J.  Ellison,  B.  J.  Hamilton.  lUCF  .  3536 

Hi^  Dmisity  Plaana  Source  for  Pltoma  Lens  Experiments  —  K.  Nakamura,  R.  Liou,  M.  Gundersen,  USC .  3537 

Measurement  of  Esoping  Ions  in  the  Fetinilab  Antiproton  Accumulator —  P.  Zhou.  P.  L.  Colestock,  K.  Junck, 

C.  A.  Crauiford.  FNAL  . . .  3540 

Eiqierimental  Demmstration  of  Plasma  Lens  Focusing  —  G.  Hairapetian,  P.  Davis,  C.  E.  Clayton,  C.  Joshi, 

S.  Hartman,  C.  PelUgrini,  UCLA;  T.  Katsouleas,  USC  .  3543 

Numerical  Modell^  of  Hme-Spaoe  Bdavior  of  High-Current  Relativistic  Electmi  Beam  in  Plasma  Waveguide  — 

V.  I.  Karas',  Kharkov  Inst.;  N.  G.  Belova,  Russian  Acad.  .  3546 

IPROP  Simulations  of  die  GAMBLE  n  Proton  Transport  Experiment — D.  R.  Welch,  Mission  Res.  Corp.  .  3549 

Plasma  Lens  and  Plasma  Wakefield  Acceleration  Expmiments  Using  Twin  Linacs — A.  Ogata.  H.  Nakanishi, 

K.  Nakajima,  T.  Kawakubo,  D.  Whittum,  M.  Arinaga,  KEK;  Y.  Yoshida,  T.  Ueda,  T.  Kobayashi,  NucL  Eng. 

Res.  Lab,  Tokyo  U.;  H.  Shibata,  S.  Tagawa,  Res.  Ctr.  NucL  Sci.  Tech.,  Tokyo  U.;  N.  Yugami.  Y.  Nishida, 

Utsunomiya  U.  .  3552 

Plasma  Focusing  of  the  Final  Test  Beam  —  S.  Rajagopalan,  UCLA  .  3555 

Emittaoce  Gtowdi  in  MEB  and  Its  Control  —  Y.  Huang,  S.  Machida,  R.  Gerig,  SSCL  .  3558 

Longitudinal  Difhiaon  as  Mlicted  by  Arbitrary  Band-Widdi  Random-Modulated  Curmits  in  Feedms  of  Detuned 

Cavities  —  5.  Ivanov,  IHEP  Moscow  . . .  3561 

Induced  Beam  Oscillations  ftmn  Quadnqiole  Vibrations  in  die  SLC  Uiuk:  — J.  T.  Seeman,  R.  L  Holtzapple, 

M.  C.  Ross,  SLAC  . 


Ba€h  YObim  b«tbu  wM  Mt  /hw-voAuM  (oUt  e/  comaut 
tmi  mb  wUt  tliir  auber  huhx.  Tht  dtOmuCi 

Jbnword  pad  a  Uu  tf  coifrmiet  pr$milttrt  and  $iaff 
ppptpt  at  ftoat  auttur  la  Yabate  1.  A  Utt  ef  ecafartaet 
partktpaau  prtctdtt  dm  aadmr  ladix  la  Valaam  5. 


3564 


Five-Volume  Contents 


<if  Mfyiatif!  Pinmaii^  ran  I  Pmittanro  juyt  RriCTgy  n#^  firtPlWff  Sty?*t 

Boctroo  Pidie  —  J-M.  Dbliqite,  J,  C.  Coacolo,  U.  Joseph  FowrieriCEA .  3567 

MoMUWiaeiitiod  Rediictkw  q^T^^  BmittMice  Blow-Up  Induced  by  Space  Orngt  Effiecig —  R.  Q^pi. 

R.G^oh>S.  Hancock,  M.  Martini.  J.P.Riunaud,CERN  . . .  3570 

ItaasvefaeBmitiinGeQtowttiiiidieFmiiilab  Aot^Koton  AccunuiliMarwifliHisM^utirat  Aoi^co^  — 

51  J.  WeHtmna.  D.  W.  Peterson,  P.  Zhou.  FNAL  .  3573 

IVuiivene  Tdb  and  Higher  Older  Momaits  —  W.  L  ^>ence,  F.-J.  Dedcer,  M.  D.  Woodley,  SLAC  .  3576 

Simidatioa  (^Emittince  Dihdkm  in  Becfinm  Storage  fimn  Conqiion  Backscattering — L.N.  Bbimberg, 

EBben,BNL  .  3579 

’Ranswtae  Effects  of  I  .ongitudiiial  Wakefields  at  Higjii  DiiH)er8ioo — F.  Decker,  SLAC  .  3582 

Enor  and  Tcdennoe  Studies  for  die  SSC  Linac — D.  Raparia,  C.  R.  Chang,  F.  Guy,  J.  W.  Hurd.  W.  Funk,  SSCL; 

K.  R.  Crandall,  AccSys  .  3585 

Emittance  Orowdi  Due  to  Dqxde  R^ide  tad  Sextupcde  —  H.-J.  SUA,  J.  A.  Ellison,  M.  J.  Sobers, 

B.  S.  Newberger.  SSCL  . 3588 

Praioo-Proton  Scattuing  Contributkn  to  Emittance  Qrowdi  —  T.  Garavaglia,SSCL  .  3591 

Somce  Size  Variatkm  and  Ion  Bfifocts  m  die  SRS  at  Daresbuiy — J.  A.  Clarke.  D.  M.  Dykes,  S.  F.  Hill, 

E,  A.  Hughes,  M.  W.  Poole,  P,  D.  Quinn,  S.  L.  Smith,  V.  P.  Sailer,  L.  A.  Welboume,  SERC  Daresbury  3594 

dobalThyectory  Coiection  Algocidmu  in  CLIC  and  Main  IJnac  Alignment  Tdeiances  —  C.  Fischer,  CMN  .  3597 

Lattice  Scaling  anl  Emittance  Cgottol  in  die  CLIC  Main  Linac  —  G.  Guignard,  CERN  .  3600 

Decoheience  and  Recobereace  of  Beam  in  Phase  Space — J.  Shi,  S.  Ohnuma,  U.  Houston  .  3603 

Space-Cbaige-Induced  Emiltaaee  Qrowdi  in  an  Elliptical  Qiaiged  Particle  Beam  widi  a  Paiabdk  Density 

Distiibutitm  —  T.  P.  Wangler,  LANL;  P.  LaptatoUe,  A.  LombanU,  CERN  .  3606 

Emittance  and  Luminosity  Evohitum  During  CoUisitms  in  ^  SSC  Collider —  W.  Chou,  S.  Dun.  T.  Garavaglia, 

K.  KauUmann,  SSCL  .  3609 

Eauttance  Otowdi  in  Di^laced,  Space-Charge-Dominated  Beams  with  Energy  Spread — J.  J.  Barnard,  J.  Miller, 

IJLNL:L  Haber,  NRL  .  3612 

An  Injectkn  Scheme  for  the  Btoolchaven  AIE  Utilizing  Space-Charge  Emittance  Growdi 

Compensation — J.  C.  Gallardo,  H.  G.  Kirk,  BNL  .  3615 

A  Matrix  Theory  of  die  Motkin  of  an  Ellipsoidal  Bunch  in  a  Beam  Control  System  widi  a  Rectilinear  Optical  Axis  and 

with  Space  Qiarge  —  A.  DymnSkav,  U.  St.  Petersburg;  R.  HeUborg,  U.  Lund  .  3618 

Space-Charge  Dominated  Beam  Envelr^  Transport  widi  Rotatable  Axes  —  E.  Y.  Tsiat^  .  3621 

Bfecttrf  Space  Charge  Forces  on  Particle  Tracking  and  Generation  of  High-Order  Mi^ — D.  L.  BruhwUer, 

M.  F.  Reusch,  Grumman  .  3624 

Expmimental  Study  of  Longitudinal  Dynamics  of  Space-Charge  Dominated  Parabolic  Bundies — D.  X.  Wang, 

J.  G.  Wang,  D.  Kehne,  M.  Reiser.  U.  Maryland;  /.  Haber,  Naval  Res.  Lab .  3627 

Trmisidrm  Crossing  in  die  Fermilab  Main  Ring,  Past  and  Present — I.  Kourbanis,  K.  Y.  Ng,  FNAL  . .  3630 

Observatiim  and  Cmrection  Resonance  Stopbinids  in  the  AGS  Booster —  C.  Gardner,  L.  Ahrens,  J.  W.  Glenn, 

Y.  Y.  Lee,  T.  Roser,  A  Soukas,  W.  van  Asselt,  W.  T.  Weng,  BNL',  Y.  Shoji,  KEK  .  3633 

The  Stability  of  Irms  in  a  Storage  Ring  in  die  Presence  of  Small  G^  Insertion  Devices  —  E.Bozcdd,  BNL  .  3636 

Simulation  M  Space-Charge  Dmninated  Beam  Dynamics  in  an  Isochraious  AVF  Cyclotron  —  S.  R.  Koscielniak, 

TRIUMF;  S.  R.  Adam.  PSI  Switzerland  .  3639 

Passage  Through  a  Half-Integer  Resonance  Doe  to  Space  Charge  for  DifEnent  Initial  Distributiais — A.  Budzko,  INR; 

Yu.  Senichev.  SSCL  .  3642 

Estimation  Collective  Effects  for  die  EUTERPE  Ring  —  B.Xi,J.I.  M.Botman,J.  vanLaar,  C.J.  Timmermans, 

H.  L.  Hagedoom,  Eindhoven  V.  of  Tech.  .  3645 

A  Mommit  Method  Lqilace  Solves'  for  Low  Eneigy  Beam  Transpcnt  Codes  —  C.  K.  Alien,  S.  K.  Guharay.  M.  Reiser, 

U.  Maryland  .  3648 

Evolution  of  Hadron  Beams  Under  Intrabeam  Scattering — J.Wei,BNL  . .  3651 

Simulation  Study  at  Ion  Trapping  in  PLS  Storage  Ring — J.  Jung,  /.  Ko,  POSTECH  .  3654 

Beam  Halo  Formation  From  Space-Charge  Don^mted  Beams  in  Unifnm  Focusing  Channels — J.  S.  O'Connell, 

Booz,  Mien  A  Hamilton;  T.  P.  Wangler,  R.  S  MWs,  LANL;  K.  R.  Crandall,  AccSys  Tech .  3657 

Computer  Simulation  of  the  Maryland  Transport  Expmimmit — /.  Haber,  Naval  Res.  Lab.;  D.  A.  CaUahan, 

A.  B.  Langdon,  LLNL;  M.  Reiser,  D.  X.  Wang,  J.  G.  Wang,  V.  Maryland  .  3660 

Integrated  Niimaical  Modeliqg  of  a  Laser  Gun  Injector — H.  Uu,  S.  Benson,  J.  Bisognano,  P.  Liger,  G.  Neil, 

D.  Neuffer,  C.  Sinclair,  B.  Yunn,  CEBAF  .  3663 

VoboH*  1:  1-747 
VoboMl:  748-1640 
VoboMi:  1641-2545 
Volamt4;  2546-3218 
Vabmt5:  3219-3933 


Proc^tdbigs  cf^  1993  Partkie  Aaxlerator  Cc94>erence 


Halo  Fonnatkm  in  MJsmatdied,  Space-Cbafge-PonrinatrKi  Beams — C.  L  Bohn.  J.  R.  Delayen,  ANL  .  3666 

Qdle^ve  EUaels  in  tte  VEPP>3  Stotafa  Ri^  —  5.  A.  Belomestnykh,  A.  N.  VoroMlov,  BINP .  3669 

Single  Bundi  Bflbcta  in  the  Diresbuiy  SRS — L.  A.  Welbountt,  J.  A.  Oarke,  D.  M.  Dykes,  S.  F.  HiU, 

E.  A.  Hughes,  M.  W.  Foote,  P.  D.  S.  L  SmUt,  V.  P.  Sutter,  ^RC  Daresbury  .  3672 

Ite  Effects  of  Coolond)  Beam  Intoraetioa  in  MaltugwttureLlnac — A.LBalabbi,G.N.Kropadiev,I.  O.Parshin, 

D.  G.  Skuehkov,  ITEP  Moscow  . .  3675 

Ixntgitudinal  Instability  of  an  Induction  Linac  wife  Acceleratkm  —  L  Smith,  E.  P.  Lee,  LBL  .  3678 

On  SdvaUe  Kfodel  wife  Syndvotron  Mode-Coupling — D.  V.  Pestrikov,  BINPIKEK  . .  3681 

On  Limitations  on  Low-a  Rings  Perfonnance  Due  to  — Z-Instdnlities  —  N.  S.  Dikausky,  BINP  Russia; 

D.  V.  Pestrikov,  KEK  .  3684 

On  LnadauDaiqfeig  of  Collective  Beam-Beam  Modes — D.V.  Pestrikov,  BINPIKEK  .  3687 

Syndnnooos  Phase  Changes  Due  to  fee  Gap  in  the  Bunch  Train — Z  Greeitwatd,  M.  Tlgner,  Comelt  .  3690 

Sinnilatkm  and  Conqiensatkm  of  Multibu^  Energy  Variatkm  in  NLC  —  K.  A.  Thompson,  R.  D.  Ruth,  SLAC  ....  3693 

The  Physical  Nfechanism  of  UltrarFast  Automatic  Cooling  for  Beams  in  fee  Six-IKmentional  Emittance  Space  — 

&  Gao,  G,  Qian,  D.  Liang,  H.  Sun,  CIAE  China  . . .  3696 

An  Exact  Expressioo  far  the  Momentum  Dependence  of  fee  Space  Charge  Tune  Shift  in  a  Gaussian  Bundi  — 

M.  Martini,  CERN  .  3699 

Stored  Beam  Lifetime  Evaluation  Fonnulae  fbr  Electnm  Ston^  Rings — A.V.  Mdtulkin,  All-Russ.  Res.  Inst.  .  3702 

A  Simulation  Study  on  Beam  Bundling  in  fee  KEK  2.5-GeV  Linac  New  Pre-Injector —  T.  Kamitani,  J.-Y.  Choi, 

A.  Enomoto,  S.  Ohsawa,  Y.  Ogawa,  T.  Urano,  T.  Suwada,  K.  Furukawa,  I.  Sato,  KEK  .  3705 

New  Oudooks  on  Bundled  Beam  htsttbilities  in  Pttticle  Accelerators:  A  Proposal  for  a  Simple  Mefeod  to  Release  a 

Potential  Self-C<msistent  High  Quality  Beam  —  M.  Bergher,  LURE  .  3708 

Experimental  Study  of  Collective  E&cts  in  bI^  Storage  Ring  wife  Hi^  Stored  Currmt  —  V.  Danilov,  I.  Ko<y>, 

A.  Lj^enko,  B.  MiUtsyn,  /.  Nesterenko,  E.  Perevedentsev,  E.  Pozdeev,  V.  Ptitsin,  Yu.  Shatunov, 

1.  Vasserman,  BINP .  3711 

Beam  Coupling  la^iedanoes  of  Axial  Symmetric  Structures  —  W.  Bruns,  TeehnisduUniversitSt  Berlin  .  3714 

Hndron  and  e-p  Ccdliders  and  Bbiditm  Syndhrotrons  Chair:  D.  Edwards 

Accelerator  Physics  Issues  at  fee  SSC  (Invited  Paper)  —  G.  F.  Dugan,  SSCL  .  3717 

Fdmild)  CoOkier  Upgrade:  Recent  Results  and  Plans  (Invited  Papa-)  — D.  A.  Finley,  FNAL  .  3721 

Opoatkm  of  fee  Brodfeaven  AGS  wife  fee  Booster  (Invited  Pester)  —  IP.  T.  Weng,  BNL  .  3726 

Overview  of  Future  Spallation  Neutnm  Sources  (/imtedPtyierj — G.H.Rees,RudterjbrdAt^leton  .  3731 

The  Heavy  hm  Syndnotron  SIS:  A  Progress  Rqport  —  K.  BUuche,  B.  Franezak,  B.  Langetdieck,  G.  Moritz, 

C.  Riedel,  GSI  . 3736 

Status  of  fee  PSR  In^novement  Program  —  R.  J.  Macek,  D.  H.  Fitzgerald,  M.  Hoehn,  R.  Ryder, 

R.  York,  LANL  . 3739 

Pasta  presentadons: 

First  Eiqierieace  wife  Colliding  Electron-Proton  Beams  in  HERA  —  R.  Brinkmann,  F.  Willeke,  DESY  .  3742 

The  Development  of  a  Prototype  Muld-MeV  Electrcm  Cooling  System  — D.  Anderson,  M.  Ball,  D.  Caussyn, 

T.  EUistm,  B.  Hamilton,  S.  NagaUsev,  P.  Schwandt,  lUCF;  J.  Adney,  J.  Ferry,  M.  Sundquist, 

Nat.  Electr.  Corp.;  D.  Reistad,  Svedbag  Lab.;  M,  Sedlacek,  Alfven  Lab.  .  3745 

The  Bevalac  Long  Spill  —  C.  M.  Celata,  S.  Abbott,  M.  Bennett,  M.  Bordua,  J.  Calvert,  R.  DwineU,  D.  Howard, 

D.  Hunt,  B.  Feinbag,  R.  Force,  R.  Frias,  J.  HalUwell,  J.  Kalnins,  5.  Lewis,  M.  Nyman,  L.  Shall,  M.  Tekawa, 

LBL;  R.  Solomons,  RAFAEL,  Israel  .  3748 

Qtyture  from  Pair  Production  as  a  Beam  Loss  Mechanism  for  Heavy  Icms  at  RHIC — B.  Feinbag,  A.  Belkacem, 

R.  Bossingham,  H.  Gould,  LBL;  W.  E.  Meyerhof,  Stanford  U.  .  3751 

Acceleration  of  Dmiteron  Beam  in  fee  KEK  Proton  Synchrotron — Y.  Mori,  KEK  .  3754 

CoQcqmial  Design  for  a  One  Megawatt  Spallation  Neutron  Source  at  Argmine  —  Y.  Cho,  J.  Bailey,  B.  Brown, 

F.  Brumwell,  J.  Carpenter,  K.  Cra^ord,  D,  Horan,  D.  Jemg,  R.  Kleb,  A.  Knox,  R.  Kustom,  E.  Lessna, 

D.  McGhee,  F.  Mitts,  H.  Moe,  R.  Nielsen,  C.  Potts,  A.  Rauchas,  K.  Thompson,  ANL  .  3757 

A  Los  Alamos  Design  Stu^  for  a  High-Power  SpaUatkm-Neutrcm-Source  Driver — A.  J.  Jason,  R.  A.  Hardekopf, 

R.  W.  Macek,  S.  O.  Schrtba,  H.  A.  TMessen,  R.  Woods,  LANL  .  3760 


Slodb  iwtwM  btfUa  wM  Mt  Jtw-vofam*  mMc  ef  ccuUMt 
me  me$  »M  mtOt-vobm*  mtkor  Uduc.  Tht  ehaUmmft 
fmwcre  mid  •  Btt  «f  em/mnet  crfmdtns  mid  tuff 
appmr  or  ffmu  mmur  Si  Vobmu  1.  A  ttti  ef  mfftrme* 
pmiMpmui prtttdn  dm  mOmr  Udm  UVdbmm  5. 


Five-Volume  Contents 


Ob  die  Hi|)i  Imenai^  A^wcte  d  AOS  Booeter  Praton  Openboa — R.  K.  Reece,  L  A.  Akreiu,  E.  J.  Bleser, 

J.  M.  Rremum,  C.  Gat^Ker,  J.  W.  Glenn,  T.  Roser,  Y.  Steji,  W.  vanAsseU,  W.  T.  Yfei^,  BNL  .  3763 

IU«iItolhnCoaBnisek»iagdie  AOSBooelcrOrWtSystm-~£:  Mefer.BML  .  3766 

TheBfftetofQlobdSBrwyMisaUiiBOieuondieSSC  — r.OaraMBf fie,  Mitfaihak,/.  Peterson,  5SCZ.  .  3769 

Dealiag  widi  Abort  KiAer  Pnfln  bi  die  SiqMiooaductiiig  Stqw  Colttder — A.  I.  Drothdtn,  /.  S.  Beidtev, 

N.V.Mokhov,B.  Parker,  R.D.Richanbon,J.  Zhou,  SSCL  .  3772 

Deaiin  Status  Rqmct  on  die  ColUder  Utilily  Slndgbt  laaeftioBe — B.  Parker,  SSCL  .  3773 

Cunent  Desifn  of  die  SSC  Intenctioa  Regioiis  —  Y.  NosocUbov,  A.  Garren,  T.  Sen,  R.  SHening,  SSCL; 

E.  Courunt,  BNL;  D.  M.  RUson,  SLAC  .  3778 

Hk  Penmeter  S^xeadaheets  eod  Their  Appdcatkas — R.  Schwitters,  A.  Chao,  W.  Chou,  J.  Peterson,  SSCL  .  3781 

Lattioe  Studies  for  KAON  Factory  AoeuomkBor  end  Bo(Mer  Rings — A.  Iliev,  A.  V.  Budsko,  DfR-Traitsk; 

R.  V.  Servranckx,  TRIVMF  .  3784 

Reducing  die  Coupled-Buiicb  OscOladoo  in  die  Fermikb  Booeter  by  Optuniang  RF  Vobege — J.  P.  Shan, 

D.  McGinnis,  R.  Tomlin,  FNAL  .  3787 

Beta  Measurements  and  Modeling  die  Tevatnm  —  N.  M.  Gelfdnd,  FNAL  .  3790 

Tbe  StaUis  of  die  Fermilab  Main  Injector  Project  —  D.  Bogert,  W.  Fowler,  S.  Hoimes,  P.  MartiH,  T.  Pawlak, 

FNAL  .  3793 

Constiucting  High  Energy  Accelentots  Under  IXBB's  "New  Culture"  for  Enviromnent  and  Safety:  An  Example,  die 

Femdlab  130  QeV  Main  Injector  Proton  Synchrotron —  W.  Fowler,  FNAL  .  3796 

Performance  and  Conqiertsoa  of  die  Different  Coalescing  Schemes  Used  in  the  Fermilab  Main  Ring — I.Kourbanis, 

G.  P.  Jackson,  X.  Lu,  FNAL  .  3799 

Operatfonal  Ejqierieiioe  whb  Odlimators  in  die  Tevatroo  Collider — S.  M.  Pruss,  FNAL  .  3802 

ReliaMEty  of  die  Fermilab  Antiprotoo  Source  —  E.  Harms.  Jr..  FNAL  . . .  3803 

Multibunch  Operation  in  die  Tevatron  Ctdlider — J.  A.  Hob,  D.  A.  Finley,  V.  Bharadwaj,  FNAL  .  3806 

Operational  Experience  widi  die  Tevatron  OdUdet  Using  Separated  Orbits — G.  Annala,  FNAL  .  3808 

Fermilab  Antiprotcm  Accumulator  in  the  Main  Injector  Era — V.  Visnjic,  FNAL  .  3811 

Study  of  B^anm  Stochastic  Cooling  in  Femtilab  Antqnoton  IMnincfaer — V.  Visnjic,  M.  Hailing,  FNAL  .  3814 

EiKtgy  and  LmiiinosityLiinits  of  Hadron  Siqierndlideis  —  W.  A.  Barletta,  LBUUCLA .  3817 

Ions  Accekration  in  the  Syndootrons  widi  Constant  RF  of  Bectrical  Reid  —  V.  P.  Belov,  Yu.  P.  Severgin, 

Ffremav  Inst.  .  3820 

Ion  Storage  Ring  of  die  INR  Storage-Accelerating  Omplex — A.  V.  DoOnsky,  A.  /.  Papash,  S.  N.  Pavlov, 

A.  T.  Rudchik,  A.  E.  Val'kov,  /.  N.  Vishnevsky,  A.  V.  Zhmendak,  INR  Kiev;  V.  P.  Belov,  A.  A.  Kapustin, 

V.  S.  Kashihin,  A.  M.  Kokorin,  A,  A.  Makarov,  B.  G.  MutTJugin,  B.  V.  Rogdestvensky,  Yu.  P.  Se^gin, 

L  A.  Schukeilo,  M.  N.  Tarovik,  Kfremov  Inst.  .  38^ 

A  Omqiaisated  Diqieision-Free  Long  Insertion  for  an  FFAG  Syndnotron  —  P.F.Meads,Jr.  .  3823 


rnrnc^ 


Vacuum  Tedindogy  for  Svpmomiducting  Colliders  (Invited  Paper)  — A.  G.  MaAewson,  CERN  .  3828 

Dynamic  Vacuum  in  the  Beam  Tube  of  tbe  SSCL  Collider.  Cold  Beam  Tube  and  Liner  Options  —  W.C.Tumer, 

SSCL  .  3833 

Disnibuted  Icm  Punqi  Testing  for  PEP-II,  Asymmettic  B-Factory  Collider — M.  Calderon,  F.  Holdener,  W.  Barletta, 

D.  Petersen,  LLNL;  C.  Foerster,  BNL  .  3836 

Hi^  Qqiacity  Oetter  Pomp  for  UHV  Operation  —  P.  Manini,  M.  Marino,  F.  Belloni,  M.  Porro,  SAES  Getters  .  3839 

Poster  presentations: 

ELETTRA  Vacuum  System  —  M.  Bemardini,  F.  Daclon,  F.  Giacuzzo,  R.  Kersevan,  J.  Miertusova,  F.  Pradal, 

Sine.  Trieste  .  3842 

Vacuum  Chamber  and  Crotch  Absorber  for  die  SPring-8  Storage  Ring  Vacuum  System — K.  Watanabe,  S.  H.  Be, 

Y.  Oikawa,  H.  A.  Sakaue,  C.  Y.  Xu,  S.  Yokouchi,  Y.  Wang,  JAERI-RIKEN;  S.  Takahashi,  Kobe  Steel; 

M.  Tsuchiya,  IHI;  Y.  Yanagi,  Hitachi  .  3843 

SYNRAD,  a  Montecarlo  Synchrotron  Radiation  Ray-Tracing  Program  —  R.  Kersevan,  SSCL  .  3848 

Vacuum  System  Design  of  die  MIT-Bates  South  Hall  Ring — E.  Ihloff,  R.  Averill,  J.  Flanz,  K.  Jacobs, 

S  Sobezynsid,  D.  Wang,  A.  Zo^aghari,  MIT-Bates  .  3831 

Design  of  Vacuum  Chambers  for  Eiqierimental  Regions  of  Colliding  Beam  Machines  —  C.  Haumller,  CERN  .  3834 

VUmut  I:  1-747 
Vcbmml!  748-1640 
VebmeS:  I64I-2S4S 
VeUm4;  2546-4218 
VeUmtS:  S2l9-i9SS 


PnKMUin^  tf^l993 PaUdeAccelenHar  Confarenee 


PimibBlwt  Noa^iportbie  Getter  Panyt  for  the  Sttnup  Riag  of  flie  APS —it.  Dertwegt,  R.  Bmaroya.  ANL _  38S7 

lbilMciMlioBofaCofpflrBeaal>KtfiorteKEKM'ac«aqf--r.5tets^fM,ir.XbiavMu,XEr  .  3860 

n<8JLliidB&|}M8orQDadnq)oleVaciiiimaiMd)er<~il5iHwr,/^^  .  3863 

FNAL  Mab  byaeiv  Dipofe  loMiUaikm  Bi|iii|iiDrat — K.  Meiwtc,  F.  Lemge,  J.  Leibfritz.  L.  Sour,  FNAL  _  3864 

SohWBla  Md  Ptatapdoam  Characleriatica  of  SRF  Nb  CavkiM — M.  G.  Rao,  F.  Kiuiael.  H.  F.  DyUa,  CEBAF .  3867 

Leak  Checfar  Date  Acquiaition  Sybem— /.  Fayw#,  /.  Obwoii.  SSCL  .  3870 

Hiaowtical  ad  Experimaalal  Stn^  trf  Socptioa  Proceaaea  aa  Noo-Evaponble  Qetten  St  707 — J.  Miertusova, 

F.  Dadam,  SUte.  liUstt  .  3873 

PliotodeaoqboaBiyoriMoatgaSSCQ)llkierBeamT>ibeConfituiittioo»— /.IforfeiMiaov.  W.  Turner,  SSCL; 

V.  AnaaUn,  O.  Mafyskev,  V.  Osipov,  V.  Nozmov,  V.  Pinefynrin,  A.  SaUmav,  BOiP;  C.  Foerster,  C.  Lanni, 

BNL  .  3876 

Ibe  Hat  Load  of  a  M  K  Uner  for  tbe  SSC  ~  J.  Maddocks,  A.  YUeel,  SXL  .  3879 

DaigB(rfLaife^iertiiie,LowMass  Vacuum  Windowa  — IP.  y.LooiiAtwtdlr.JIf.JIfopa.  AM,  .  3882 

ObarvatioD  and  Anafysis  for  Motioa  of  Tnqiped  Micfopaittcla  in  be  TIOSTAN  Accumulatkm  Ring — JV.  S^. 

JapoM  SRRI;  T.  Momose,  Mtyagi;  H.  Iskimaru,  KEK  .  388S 

Ovaiviaw  of  a  80  K  Uner  Design  for  Synduotron  Ugbt  Iniaceptim  in  SSCL  Collider  —  Q.-S.  Shu,  W.  Chou, 

D.  dark,  W  sy.  Y.  Goren,  R.  Kersevan,  V.  Kovachev,  P.  Krauskaar,  K.  Leung,  J.  Maddocks,  D.  Martin, 

D.  Meyer,  /  ielie,  G.  Morales,  J.  Simmons,  G.  Snitchler,  M.  TuU,  W.  Tuner,  L.  Walling,  K.  Yu, 

J.  Zbasnik,  .  3888 

Ibennal  Model  a^  Asiocialed  Novel  Appioadi  for  Synduoiioo  Radiadoo  Uner  with  End  Cooling  —  Q.-S.  Siu, 

K.  Yu,  IV.  Clay,  J.  Maddocks,  G.  Morales,  J.  Zbasnik,  SSCL  .  3891 

Design  of  E^  Ion  Source  Vacuum  Systems — J.  Pivarc,JINRDulma  .  3894 

Develofiraeat  of  Distributed  Ion  PuiqM  for  g-2  Beam  Vacuum  Systan  —  H.  C.  Hseuh,  M.  Mopes,  L  Snydstrup, 

BNL  .  3897 

What  Jbining  Mediod  for  die  New  Generation  of  Accelecaton  (SSC  and  LHC) — R.  Gillier,  Heticoflex;  J.  Montuclard, 

M.  L^ancois,  Ck.  Rouaud,  LeCarbone-Lorraine,  France .  3900 

Surface  Tfoatmeitts  and  Phoiodesoqitian  of  Oxyga  Ree  Copper  Used  in  a  Accelaator  —  T.  Kobari,  M.  Matumato, 

S.  Veda,  MERL  Hitachi:  M.Kobayashi,Y.Hori,  KEK  .  3903 

The  DAFNE  Main  Ring  Vacuum  System  —  V.  Chimenti,  A.  Clozza,  H.  Hsieh,  G.  Reffone,  C.  Vaccarezza, 

INFN-LNF  .  3906 

VacuumTracking  —  V.  ZUmemn,  SLAC  .  3909 

CkMdllg  Plciuay  Chair:  W.  Hess 

Fhture  Accelerators  in  Japa  —  N.  Toge,  KEK  .  3912 

LHC  Progress  and  Status  —  G.  Briand  and  tite  LHC  Machine  Gr<nq},  CERN  .  3917 

Stanis  of  die  SSC  —  R.  J.  Briggs,  SSCL  .  3922 

Design  for  Low  Beam  Loss  in  Acceleraxs  for  Intense  Nation  Source  Applkatioos — R.  A.  Jameson,  LANL  .  3926 

Is  There  a  Fhture  for  Hi^  Energy  Accelerators?  —  M.  Tigner,  Cornell  .  3931 


BaA  mAm*  tatiw  wM  Ms  jtre-vonm  toNt  ef  ecmms 
tmi  taSi  wMt  mpn-ttlmm  miker  ktiu.  n$  dutmmfi 
faremeH  ami  amtaf  caeftnaet  anmltm  mtd  tteff 
tester  m  ptm  mtmr  to  Vtimtt  i.  A  htt  af  eotfime* 
fPtctdu  thi  hmAop  IhAk  In  ViptaiM  5. 


Methods  of  Impedance  Calculation'^ 


Robert  L.  Gluckstem 
Physiol  Department 

University  of  Maryland,  Ccdl^  Park,  MD  20742 


Abstract 


Eq.  (3)  can  be  convoied  to  a  surface  integral,  leading  to[l] 


We  pteaent  several  analytic  techniques  to  calculate  the 
inq>edaace  of  an  obstacle  in  a  beam  pipe  in  a  variety  of 
iq>plicatiom. 

I.  INTRODUCTION 

In  the  present  pigier  we  shall  review  methods  of  calculat¬ 
ing  the  longitudinal  and  transvnse  coupling  iiiq>edance8 
of  an  obstacle  (e.g.  fullbox,  hcde)  in  a  beam  pipe  of  radius 
Q  for  a  point  charge  traveling  at  ultra-relativistic  speeds 
(fi  Si  1,7  >  1).  Since  the  coupling  iiiq>edance  is  the  fre¬ 
quency  domain  equivalent  of  the  wakefMd  written  in  the 
time  domain,  the  drive  current  in  the  frequency  domain 
has  a  sinusoidal  dependence  on  z  of  the  form 

/,(x,  V, z; *)  =  IoS(x  -  ti)6(y  -  yi)exp(-i*z),  (1) 

where  k  =  u/c  and  where  the  time  dependence  is  exp^jut). 
Here  the  p<mt  charge  travels  in  the  z-direction  with  con¬ 
stant  offset  X  xi,y  =  yi.  The  definition  of  the  lonptu- 
dinal  coupling  impedance  is  then 


|/o|»Z,(*)  =  J  dS,fr,-^x^,  =  j dSxni-^x^r,  (5) 

Sa^Si  5,^5, 

where  the  first  integral  is  over  the  surface  of  the  obstacle 
different  from  the  beam  pipe  and  where  the  second  integral 
is  over  the  surfStce  at  r  =  a  which  is  different  from  the 
obstacle.  For  xi  =  pt  =  0,  the  solution  for  Ei  and  Hi  in 
the  ultrarelativistic  limit  is 

Eir  =  ZtiHi,  =  ^ exp(-itz),  Eu  =  0.  (6) 

Hius  we  need  to  solve  Maxwell’s  equations  for  ^3,  with 
the  drive  beam  given  in  Eq.  (1),  and  use  Eq.  (5)  to  calcu¬ 
late  the  longitudinal  impedance. 

The  energy  loss  of  the  particle  traveling  past  an  obstacle 
can  be  obtuned  directly  from  the  real  part  of  the  longitu¬ 
dinal  coupling  impedance.  Specifically  it  is 

=  ^  j"dkReZf{k),  (7) 


Zjiik)  =  -j-J  dz  £?,(xi,yi,z;*)e^** 

=  (2) 

where  the  volume  integral  is  a  more  general  form  which  will 
abo  be  used  in  the  transverse  impedance.  The  longitudinal 
inqx^ance  is  obtained  by  setting  xi  =  jfi  =  0. 

We  now  consider  two  situations.  The  ^rst,  denoted  by 
the  subscript  1,  is  the  lossless  pipe  and  the  second,  denoted 
by  2,  is  the  pipe  with  the  obstacle.  We  then  construct 

=  -J dv[S,  -  /•  -f  fr  -  /],  (3) 

where  ^*^4)  is  imapnary.  (It  actually  vanishes  in  the 
ultrarelativistic  limit.)  Using 


/=  V  X  Ht,2  -  jii>eEt,7,  V  X  Ei,2  =  -jufiHi,3,  (4) 
*W<avk  mpported  bjr  the  Department  of  Energy 


where  we  have  used  Z^{—k)  =  Z^{k).  Contributimis  to 
AIV  can  come  from  w^l  losses,  energy  radiation  to  the 
outside  through  the  obstacle,  and  gmeration  by  the  obsta¬ 
cle  of  outgoing  propagating  modes  in  the  pipe. 

The  transverse  coupling  impedance  can  be  analyzed  sim¬ 
ilarly.  Starting  with  the  axial  dipole  drive  current 

Jm  =  IoHy)[H^  -xi)-6(x  +  xi )]  exp(->*z),  (8) 

the  transverse  impedance  can  be  expressed  as  the  limit  for 
small  xi  of 


Z,{k)  = 


1  r°° 

24/0X1  J^oo 


.  dEx  fji. 


(») 


Writing  the  derivative  with  respect  to  x  as  the  difference 
for  X  =  ±xi  divided  by  2xi,  we  find 


-  f:,(-xi,0,z)]e^**.  (10) 
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Unog  the  drive  current  in  Eq.  (8),  the  traaeveree 
in^iedaiiee  can  be  wiittoi  in  tmne  of  the  mok  volume 
int^al  as  before,  namdy 


Aa  before  the  volume  integral  can  be  converted  to  a  surface 
integral,  leading  to[2] 

4hz?|/o|*  =  J dSiil3-^xJ?j  =  J dSini  S,xdl.  (12) 

S^^Sx  S|)t5a 


Si  vanishes,  and  uw  can  express  Ets  in  terms  of  Hi0  and 
the  surface  impedance.  SpeeihcaUy 

=  -(1  +  j)(kZoS/2)Hi,,  (17) 

where  Zo  =  377  ohms  is  the  impedance  of  free  q>ace  and  S 
is  the  skb  depth  of  the  wall  material  at  frequoicy  ke/2w. 
Thus  the  impedance  per  unit  length  is  given  by 

|/o|*Zf  =  (1  +  mZo6/2)  f  d0\Hi,\*,  (18) 

where  the  line  integral  is  over  the  drcumference  of  the 
beam  pipe.  Using  Eq.  (6)  we  find  for  a  loigth  of  pipe  2wR 


In  this  case,  for  small  zi. 

Si  =  -exp(-jt2:)Vidi,  ZoSi  =  zxSu 


where  the  second  form  in  terms  of  n  =  kR,  the  harmonic 


where 

di(r.8)  =  ^zico8fl(i-^)  (14) 

satisfies  the  boundary  condition  ^i(a,d)  =  0  at  the  beam 
pipe  radius  r  =  a.  Here  i  is  a  unit  vector  in  the  r-directi(m. 

In  the  sections  that  follow  we  will  apply  the  formulation 
outlined  above  to  a  variety  of  different  problems. 

II.  NUMERICAL  CALCULATION 


of  the  rotation  frequency  in  a  circular  accelerator,  is  the 
one  usually  used. 

Hie  corresponding  analysis  for  the  transverse  impedance 
for  a  pipe  length  2tR,  using  Eqs.  (12)-(14),  leads  to 


(20) 


These  results,  first  obtained  by  Nielsm,  Sessler,  and 
SymoQ[6],  have  been  extended  to  pipes  of  rectangular|7,  2] 
and  elliptical[2]  cross  section. 


Fm  an  arbitrary  obstacle,  the  fields  E2  and  H2  can  be 
written  as 

Ea  =  El  +  «,  Ea  =  El  +  K,  (15) 

where  the  fields  e  and  n  now  satisfy  Maxwell’s  equations 
with  no  drive  current,  and  the  boundary  condition  along 
the  metallic  walls  of  the  pipe  and  obstacle  is 

na  X  e  =  — na  x  Ei.  (16) 

Furthermore  one  can  consider  only  a  finite  section  of  the 
beam  gipe  and  tqiply  an  outgoing  boundary  condition  to 
?  and  h  at  both  ends  of  the  truncated  pipe.  In  this  way  a 
mesh  code  can  be  constructed  with  given  k  and  the  solution 
fn  S2  and  ^a  obtained  numerically. 

Hie  program  SUPERFISH  [3]  has  been  adapted  to  the 
calculation  of  the  longitudinal  coupling  impedance  for 
an  obstacle  of  azimuthal  symmetry[4].  Clearly  one  can 
similarly  adiqit  programs  like  URMEL  and  MAFIA[5] 
to  calculate  the  transverse  coupling  impedance  and  the 
impedances  of  azimuthally  asymmetric  obstacles  if  desired. 

The  above  method  appears  to  be  somewhat  superior  to 
that  used  in  time  domun  codes  to  calculate  the  wakefields, 
followed  by  a  Fourier  transform  to  obtain  the  impedances. 

III.  RESISTIVE  WALL  IMPEDANCE 

Equatimi  (5)  crun  be  used  directly  to  calculate  both  the  lon¬ 
gitudinal  and  transverse  resistive  wall  impedances.  Specif¬ 
ically,  subscripts  1  and  2  denotes  the  pipe  with  infinite  and 
finite  wall  conductivity  respectively.  Therefore  the  term  in 


IV.  IMPEDANCE  OF  HOLES 

Equation  (5)  is  also  a  natural  starting  point  to  calculate 
the  impedance  of  a  small  hole  in  a  beam  pipe.  Taking  the 
integral  over  the  inside  surface  of  the  beam  pipe  we  have 

|/o|’Z||(4)  =  -  JdSE,HU  =  -^  jdSE,^^^.  (21) 

holt  holt 

For  holes  whose  dimensions  are  small  compared  to  the 
wavelength,  the  integral  can  be  expressed  in  terms  of  the 
fields  E\r ,  Hit  near  the  hole  and  the  electric  polarizability, 
X,  and  magnetic  susceptibility,  of  the  hole.  Specifically, 
we  find 

”  X)<n.«.,  (22) 

where  ^  and  x  here  are  the  “inside”  susceptibility  and 
polarizability  for  a  wall  of  finite  thicknessfSj. 

It  should  be  noted  that  the  impedance  in  Eq.  (22)  is 
inductive,  implying  no  energy  loss  by  radiation  through 
the  hole.  This  radiation  is  proportional  to  the  square 
the  induced  dipole  moments  of  the  hole,  and  therefore  to 
and  x^-  The  real  part  of  the  impedance  of  a  small  hole 
is  therefore  much  smaller  than  its  imaginary  part. 

The  result  for  the  transverse  impedance  is  obtained  in 
an  analogous  way,  using  Eqs.  (12)-(14),  and  is 

Z,(fc)  .cos*  8 

—  J  2x^0^  ~  X)«n*Wei  (23) 

where  6  is  the  azimuth  of  the  hole  measured  from  the  z- 
axis. 
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V.  FIELD  MATCHING 

Hie  impedance  of  a  piU-box  has  been  calculated  by  many 
authma  using  field  maching  techniques  either  at  the  axial 
locatioiM  of  the  sides  of  the  pill-box(9]  or  at  the  inside 
radius  of  the  beam  pipe[10].  In  either  case,  results  are 
obtained  by  eiqianding  the  fields  into  a  complete  set  d 
functimis  in  either  z  or  r,  matching  coefficients  in  the  two 
regKHia,  truncating  the  resulting  set  of  matrix  equations, 
and  solving  for  the  codficients  by  matrix  inversion.  Results 
have  been  given  for  a  variety  of  parameters  (pill-box  radius 
and  length)  as  a  function  of  frequency. 

Similar  field  matching  techniques  also  work  for  rectan¬ 
gular  iri8es[ll]  (pill-boxes  extending  inside  the  beam  pipe 
radius).  Since  the  driving  current  on  axis  is  proportional 
to  exp(— yhz)  =  cos  hz  —  y  sin  kz,  the  problem  is  simplified 
by  obtaining  results  for  an  even  driving  current  (coshz) 
and  an  odd  driving  current  (— j  sin  kz)  separately.  In  each 
case  the  fields  are  expanded  with  appropriate  z  symmetry 
into  a  set  of  Bessel  functions  in  both  the  pipe  regions  and 
the  iris  regi<m.  One  set  of  coefficients  can  be  eliminated  by 
matching  the  fields  at  the  axial  location  of  the  end  of  the 
iris,  and  the  solution  is  then  ditained  by  truncating  and 
inverting  the  resulting  matrix  equations.  (Our  experience 
is  that  the  numerical  work  is  more  convergent  if  the  final 
matrix  is  obtained  in  terms  of  the  coefficients  in  the  iris 
region.) 

VI.  INTEGRAL  EQUATION  METHOD 

We  here  consider  an  azimuthally  symmetric  obstacle  which 
does  pol  extend  inside  the  beam  pipe  radius,  and  represent 
the  field  for  r  <  a  as 

=  (24) 

where  =  k^  —  and  where  the  contour  in  the  q  plane 
goes  below  any  poles  on  the  negative  real  axis  and  above 
any  poles  on  the  positive  real  axis[10].  This  choice  of  con¬ 
tour  guarantees  that  the  obstacle  will  only  create  outgoing 
waves  in  the  beam  pipe.  The  driving  fields  are  those  in  Eq. 
(1)  for  n  =  y\  =  0.  It  is  easy  to  show  that  the  longitudinal 
impedance  defined  in  Eq.  (2)  becomes 

Z^ik)  =  =  -rJ  dzE,(a,z-,k)ei’‘\  (25) 

where  the  second  form  is  obtained  from  the  Fourier  trans¬ 
form  of  Eq.  (24)  at  r  =  a,  and  where  the  integral  over 
z  extends  only  over  the  obstacle  (pill-box)  region.  This 
equation  c(»responds  directly  to  the  mc«e  general  result  in 
the  second  form  of  Eq.  (5). 

The  azimuthal  magnetic  field  at  the  pipe  radius  can  be 
written  as 


Expanding  the  ratio  of  Bessel  funetioM  in  temos  of  the 
residues  at  the  zeros  of  Jo{Ka),  m  can  write 

MKa)  _  2  1 

KaJo(Ka)  a^^q^-  k^/a^  ’  '  ^ 

where  Jo(Ps)  =  0  and  —  p^.  Writing 


A(«)  =  ^/dz'e^*^7(A 


ZoH,= 


Zo/oe-^*' 


,„jkaJi(Ka) 

KaJo(A'a) 


A(q).  (26) 


where  f(z')  =  Et(a,z*-,k)  is  the  axial  electric  field  in  the 
opening,  we  can  perform  the  integral  ovn  f  by  prt^ierly 
cloeing  the  contour  fw  z  >  z*  and  z  <  z',  and  6biain 

ZoH,(a,z-,k)  =  dz7(^') A,(z, z'). 

(29) 

where  the  pipe  kernel  is 

K,(z,z')=:^^J—^^ -  (30) 

When  62  “  negative,  6^  =  -j0,,  with  /?,  =  (pj  — 

We  must  now  write  the  fields  inside  tlw  obstacle  in  terms 
of  Em  at  r  =  a.  This  can  be  done  by  expanding  the  fields 
in  the  cavity-like  obstacle  (shaped  like  a  torus)  into  a  com¬ 
plete  set  of  cavity  modes.  In  this  way  we  find 

ZoHtia,  z-,k)  =  i^J  dz'f(z')KMiz,  z'),  (31) 

where  the  cavity  kernel  is 

^  K  Kf 

Here  h/(r)  =  z)  is  the  normalized  azimuthal  mag¬ 
netic  field  in  the  cavity  mode  with  frequency  kic/2ir. 
Equating  the  magnetic  field  in  the  opening,  we  then  obtain 

J  dz'Fiz')[K^(z,  z')  Kc{z,  z')]  =  ye--'*' ,  (33) 

where  F{z)  =  ~ka^f{z)/ZoIo  and 

Z,|(fc)/Zo  =  (1/ta*)  J  dzF(z)e>‘'.  (34) 

We  therefore  need  to  solve  the  integral  equati<Hi  [Eq.  (33)] 
for  F(z)  and  obtain  ^||(h)  from  Eq.  (34). 

VII.  IMPEDANCE  OF  A  SMALL  OBSTACLE 

For  an  obstacle  of  outer  radius  6  extending  from  z  =  0  to 
z  =  g,  with  kg  <.  1,6(6  —  a)  -C  1,  we  can  obtain  ^prox¬ 
imate  values  for  Kp{z,  z')  and  Kc(z,  z').  Specifically,  the 
pipe  kernel  is 

j].  W 

L*=i  *  »=s+x'^*J 
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wh«r«  S  i»  Um  b^eat  value  of  <  for  which  p,  <  ka,  and 
whwe  SiMM  ~  fl/f  )>  *  logarithmic  cutoff  needed  in  the 
second  sum.  Um  cavity  kernel  is  dominated  by  the  mode 
with  ki  s  0,  for  which 


fco(*)  —  [2irya(6  -  0)]"*^’ 


and  is 


z.y,(t)  =  i.h.  +5: 


Clearly  the  impedance  arises  from  the  smooth  part  of  G{t), 
which  itself  will  come  from  the  smooth  part  ot  the  kernel 
in  Eq.  (39).  Writing 

O  =  2v>/o  53  «*p0>*)/(*’o*  -  p’)*/*,  (42) 


where 


Using  these  values  of  Kp  and  Ke,  we  can  obtain  /  dz'F(z') 
firmn  Eq.  (33)  and  are  led  to  the  following  expression  for 
the  sdmtttsace 


i,,  =  k{z  -  z')  -\z-  z'|(*»  -  p?/a’)‘/*.  (43) 


2fn2 


where  the  exponsntiat  cut<ofr  factor  and  the  third  term 
come  fr<»n  a  more  careful  treatment[12]  of  the  divergent 
term  in  Eq.  (35).  Numerical  simulations  agree  very  closely 
with  the  result  in  Eq.  (38)  for  5  =  1.1  a,  y  =  0.05  a.[12] 
Moreover,  the  corresponding  results  for  the  impedance 
agree  very  well  with  the  series  calculation  of  Henke.[10] 
The  result  in  Eq.  (38)  is  dominated  at  low  frequency 
by  the  first  term,  which  is  inductive.  Clearly  the  second 
and  third  tanns  provide  both  an  increasing  capacitive  term 
and  resistive  term  as  the  frequency  increases.  In  fact,  the 
familiar  broad  resonance  occurs  when  the  inductive  and 
capacitive  contributions  cancel. 

Another  interesting  feature  of  Eq.  (38)  is  its  simplicity 
wh«i  expressed  as  an  admittance.  In  fact  the  real  part  is 
independent  of  all  features  of  the  pill-box  for  g  <.  a.  It  is 
not  hard  to  show  that  thu  term  corresponds  to  the  energy 
which  is  lost  as  the  pill-box  generates  outgoing  propagating 
modes  in  the  pipe.  Apparently  the  reactive  part  arises  from 
the  evanescent  pipe  modes  generated  by  the  pill-box. 

VIII.  IMPEDANCE  AT  HIGH  FREQUENCY 

The  high  frequency  behavior  of  the  impedance  has  been 
of  concern  since  Lawson’s  diffraction  calculation[13]  sug¬ 
gested  a  behavior  which,  according  to  Eq.  (7)  im¬ 
plied  an  infinite  energy  loss.  This  k~^f^  behavior  (which 
does  not  violate  energy  conservation  when  we  have  an  ul- 
trarelativisitic  particle  of  infinite  energy)  was  confirmed 
others[14,  15].  The  integral  equation  of  Section  VI  is  a 
convenient  starting  point  for  this  calculation. 

We  write  Eqs.  (33),  (34)  for  a  pill-box  as 

r  d/  G(z')[Kpiz,  z')  +  kc(z,  z')]  =  2xj/a  (39) 
Jo 

with  F(z)  s=  (o/2x)e”''**G(r),  and  have 

Z^(k)/Zo  =  (l/2xfca)  r  dz  G(c).  (40) 

Jo 

Here 

kp,c(z,  z')  =  ,  z').  (41) 


we  see  that  there  are  rapid  oscillations  everywhere  except 
nearpt  <  kafor  z>  z'.  Expanding  (k^a’—p’)‘^’  for  small 
Pt/ka,  and  keeping  only  the  lowest  order  non-vanishing 
term  in  the  exponent,  we  obtain  for  the  average  of  the 
smoothed  pipe  kernel 

f  0,  x'>z  'I 

,,4,  («) 

where  we  have  converted  the  sum  over  s  to  an  integral. 

The  evaluation  of  the  cavity  kernel  for  large  ka  depends 
on  the  cavity  geometry,  but  in  the  form  in  Eq.  (32),  the 
sum  over  modes  can  be  approximated  by  an  integral  over 
mode  number.  This  has  been  done  for  a  pillbox,  as  well 
as  for  several  obstacles  of  triangular  cross  section  and,  the 
results  suprisingly  depend  only  on  (z  —  z').  In  fact  the 
cavity  kernel  contribution  turns  out  to  be  exactly  the  same 
as  that  in  Eq.  (44)  for  the  pipe  kernel.  Thus  the  integral 
equation  reduces  to 


rdz^Gjz')  (l-j)v^ 

Jo  “  2 


whose  solution  is 


^  2a  V  xz  ’ 


leading  to  the  impedance 

Zo  2X0  V  ^  ' 

Numerical  results  for  the  impedance  are  consistent  with 
the  k~^^^  average  behavior  of  the  impedance,  but  show 
a  persistent  oscillation  with  frequency  as  well,  suggesting 
some  sort  of  resonant  field  behavior  within  the  pillbox. 

IX.  IMPEDANCE  OF  MANY  OBSTACLES 
AT  HIGH  FREQUENCY 

We  now  apply  Eq.  (39)  to  a  beam  pipe  containing  a  large 
number  of  obstacles,  and  assume  that  they  are  all  identical 
and  separated  from  each  other  (center  to  center)  by  a  con¬ 
stant  distance  L.  Specifically  we  write  the  coupled  system 
of  integral  equations 

53  J dz'^  G(z'^)[kp(z,„z'^)-^6^nk,(z„,z'„)]  =  j,  (48) 
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when  we  reeofnise  that  only  the  in‘*  cavity  contributes  to 
the  cavity  kernel  for  the  purpose  of  matching  the  magnetic 
field  at  the  m'*  cavity. 

If  we  use  the  asymptotic  values  for  and  Ke  obtained 
in  the  last  sectran  and  approximate  A'p{*n,2m)  for  off- 
diagonal  (n  ^  m)  terms  as  its  value  when  Zn,im  corre¬ 
spond  to  the  center  of  the  relevant  gaps,  we  can  solve  Eq. 
(48)  and  obtain  the  following  expression  for  the  admiiiance 
per  cavity[16] 

NZoYf^ik)  s  Fo(*)  +  aVir^Uai-Ha/iVN),  (49) 

where  Fa{k)/Z(i  is  the  admittance  of  a  single  cavity  and 

a  =  (1  -I-  j)ay/}rk/L.  (50) 

Once  again  we  have  a  term  independent  of  the  cavity  par 
rameters  (g,  h  —  a)  which  is  added  to  the  admittance. 

In  the  limit  of  large  k  with  finite  N ,  we  find 

NZoYfiik)  -  (1  -f  j)l^a^/;^I7^[l  +  \/gN/4L]  (51) 

suggesting  that  the  impedance  is  proportional  to 
(rather  than  N)  for  Ng  >>  L.  This  shadowing  effect  was 
first  suggested  by  Palmer[17]. 

If  we  take  the  limit  for  large  N  with  finite  k,  we  find 

NZoY^^ik)  ~  Fo{k)  +  jnaH/L.  (52) 

which  is  the  result  for  a  periodic  structure.  For  large  k 
the  imaginary  second  term  dominates.  Using  the  single 
pillbox  impedance  in  Eq.  (47)  we  obtain  an  approximate 
result  which  shows  that  real  part  of  the  impedeuice  goes  as 
k~^f^,  a  result  also  obtained  by  others[18]. 

The  result  in  Eq.  (52)  can  also  be  shown  to  apply  to 
the  case  of  a  small  obstacle  for  the  parameter  range  ka  ^ 
l,kL  >  1,  as  long  as  ky  C  l,k(b  —  a)  C  1.  Specifically 
we  use  the  result  in  Eq.  (38)  for  Fo(k),  the  admittance 
of  a  single  obstacle.  We  also  believe,  although  it  has  not 
yet  been  proved,  that  the  same  result  holds  for  a  periodic 
array  of  holes  distributed  uniformly  in  azimuth  at  axial 
positions  separated  by  L.  In  this  case  Fo{k)  in  Eq.  (52)  is 
to  be  taken  as  the  reciprocal  of  Eq.  (22).  Equation  (52) 
is  then  expected  to  be  valid  as  long  as  the  wavelength  is 
small  compared  with  a  and  L,  and  large  compared  with 
the  hole  dimensions.  In  all  likelihood,  it  would  be  valid 
for  wavelengths  comparable  with  or  smaller  than  the  hole 
dimensions  if  we  used  a  single  hole  impedance  valid  in  this 
parameter  range. 

X.  SUMMARY 

We  have  outlined  sever2il  alternate  methods  of  calculat¬ 
ing  the  impedance  of  an  obstacle  (pillbox,  hole)  in  a  beam 
pipe  and  illustrated  the  techniques  in  several  applications. 
The  selection  is  naturally  guided  by  personal  taste.  Nev¬ 
ertheless  there  are  other  techniques  often  used  which  offer 
comparable  insights  and  results. 
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Aisiract 

One  obvious  bottleneck  of  achieving  high  luminosity  in 
hadron  colliders,  such  as  the  Superconducting  Super  Col¬ 
lider  (SSC),  is  the  beam  emittance  growth,  due  to  space- 
charge  effects  in  low  energy  injector  synchrotrons.  Al¬ 
though  space-charge  effects  have  been  recognized  since 
the  alternating-gradient  synchrotron  was  invented,  and  the 
Laslett  tune  shift  usually  calculated  to  quantify  these  ef¬ 
fects,  our  understanding  of  the  effects  is  limited,  especially 
when  the  Laslett  tune  shift  becomes  a  large  fraction  of 
the  integer.  Using  the  Simpsons  tracking  code,  which  we 
developed  to  study  emittance  preservation  issues  in  pro¬ 
ton  synchrotrons,  we  investigated  space-charge  effects  in 
the  SSC  Low  Energy  Booster  (LEB).  We  observed  detailed 
dependence  on  parameters  such  as  beam  intensity,  initial 
emittance,  injection  energy,  lattice  function,  and  longitu¬ 
dinal  motion.  A  summary  of  those  findings;  as  well  as  the 
tracking  technique  we  developed  for  the  study,  are  pre¬ 
sented. 

I.  INTRODUCTION 

One  of  the  challenging  issues  for  proton  synchrotrons 
is  to  store  and  accelerate  a  high  brightness  beam,  that  is 
an  intense  beam  with  a  very  small  emittance.  In  a  high 
energy  accelerator  complex  such  as  the  Superconducting 
Super  Collider  (SSC),  the  luminosity  at  the  final  collider 
directly  depends  on  the  brightness  in  the  preceding  injector 
chains.  Space-charge  effects  in  the  low  energy  end  of  an 
accelerator  complex,  for  instance,  the  Low  Energy  Booster 
(LEB)  and  possibly  the  Medium  Energy  Booster  (MEB) 
at  the  SSC,  could  be  a  potential  problem  for  the  emittance 
and  thus  brightness  pref’ervation. 

As  a  measure  of  space-charge  effects,  the  Laslett  tune 
shift  is  usually  calculated,  that  for  Gaussian  distribution 
is  At/  =  — (rpni)/(45r/?7^e"B/);  where  Vp  is  the  classical 
proton  radius,  n*  is  the  total  number  of  particles  in  a  ring, 
0  and  7  are  the  Lorentz  factors,  e"  is  the  normalized  rms 
emittance,  and  Bf  is  the  bunching  factor.  ^  The  con¬ 
ventional  design  criterion  imposes  the  small  Laslett  tune 
shift,  such  as  —0.2,  to  keep  the  entire  beam  stay  away 
from  lower  order  resonances.  Although  most  of  existing 
machines  has  been  designed  in  that  way,  the  brightness 

*Operate<l  by  the  Universitiee  Research  Associstion,  Inc.  for 
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*  In  this  sinq>liiied  formula,  we  ignored  the  effects  of  image  charge 
and  current  in  surroundings  such  as  magnets  and  beam  pipe. 


has  been  increased  more  than  the  design  value  experimen¬ 
tally  in  some  machines.  An  example  would  be  the  AGS 
of  BNL  and  the  PS  Booster  of  CERN,  and  the  maximum 
tune  shift  like  —0.5  to  —0.6  has  been  achieved.  The  tune 
shift  criterion  such  as  -0.2  is  by  no  means  a  fixed  number. 

More  importantly,  the  Laslett  tune  shift  itself  does  not 
predict  the  emittance  behavior.  If  it  is  small  enough, 
the  beam  is,  for  sure,  free  firom  any  resonances  and  no 
emittance  growth  is  expected.  When  the  tune  shift  be¬ 
comes  laurge,  say  -0.5,  some  particles  in  the  beam  would 
be  at  some  resonance.  Once  the  amplitude  of  the  particles 
changes,  the  particles  can  escape  from  the  resonances  and 
become  stable  again.  The  strong  nonlinear  nature  of  the 
space-charge  force,  namely  detuning,  makes  it  difficult  to 
estimate  emittance  evolution. 

As  for  a  source  of  resonances,  the  space-charge  force  it¬ 
self,  can  excite  it  without  lattice  imperfections.  In  late 
’608,  Montague  discussed  the  importance  of  zero-th  har¬ 
monics  of  the  fourth  order  resonance;  2i/,  -  2i'y  =  0,  which 
is  inevitable  due  to  the  octupoJe  component  of  the  space- 
charge  force  [1].  According  to  the  recent  work  by  Parzen 
and  Machida,  non-zero  harmonics  of  the  even  order  res¬ 
onances  should  be  also  avoided  because  they  eire  excited 
by  the  space-charge  force  coupled  with  periodicity  of  lat¬ 
tice  functions  [2].  One  way  to  weedcen  those  resonances  is 
to  make  the  lattice  with  higher  periodicity.  The  effect  of 
half-integer  resonance  excited  by  lattice  imperfections  was 
studied  for  the  coasting  beam  [2].  A  study  by  Machida 
shows  that  maximum  tune  shift  C2m  be  more  than  the  dis¬ 
tance  between  the  bare  tune  and  the  half-integer  resonance. 
The  ratio  of  possible  tune  shift  to  the  distance  depends  on 
the  charge  distribution  and  it  is  about  two  for  Gaussian 
distribution. 

In  this  paper,  we  first  describe  the  recent  develop¬ 
ment  of  the  space-chaurge  modelling  by  multi-particle  track¬ 
ing.  Then,  we  discuss  systematic  exploration  in  parameter 
space;  beam  intensity,  initial  emittance,  injection  energy, 
lattice  function,  and  longitudinal  motion,  using  the  LEB 
as  am  example. 

II.  MODELLING  OF  THE  SPACE-CHARGE 
IN  SYNCHROTRONS 

A.  The  Simpsons  Program 

The  Simpsons  program  has  been  developed  to  study 
emittance  preservation  issues  in  proton  synchrotrons  [3]. 
The  program  consists  of  two  major  parts.  One  is  a  par- 
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tide  tradcing  part  that  tracks  macro  particles  in  the  6-D 
phase  space  with  acceleration.  Realistic  modelling  of  longi¬ 
tudinal  motion  is  essential  for  a  rapid  cycling  synchrotron 
such  as  the  LEB  in  which  the  synchronous  momentum 
rises  from  1.219  GeV/c  to  12  GeV/c  within  approximately 
26,000  turns.  The  space-charge  force  is  strongly  time  de¬ 
pendent.  The  independent  variable  is  time,  in  which  one 
can  obtain  a  snapshot  of  macro  particle  distribution  at  each 
time  step.  All  lattice  elements  including  an  RF  cavity  are 
represented  by  thin  lenses  lattice  created  by  the  program 
TEAPOT  [4]. 

The  other  part  of  the  program  calculates  the  space- 
charge  force.  It  is  incorporated  as  a  thin  lens  kick  in  each 
time  step  and  typically  100  to  2000  kicks  are  applied  in 
one  turn.  We  made  three  different  degrees  of  approximsr 
tion  to  compute  the  space-charge  field.  The  most  advanced 
one,  though  it  is  most  time  consuming  as  well,  employes 
the  Particle-In-Cell  method  [5].  Three  dimensional  grids, 
in  real  space,  are  assigned  to  enclose  the  entire  beam.  At 
every  intersection  of  the  grids,  a  fractional  charge  is  allo¬ 
cated  according  to  location  of  macro  particles  nearby,  and 
then  the  Maxwell  equations  are  solved  in  a  difference  form. 
A  boundary  condition  is  imposed  such  that  the  scaler  po¬ 
tential  is  zero  at  the  beam  pipe  radius,  which  is  constant 
around  the  ring.  Electro-magnetic  fields,  at  the  location 
of  macro  particles,  are  interpolated  by  the  fields  at  neigh¬ 
boring  grids  and  it  changes  the  momentum.  Typically, 
more  than  10,000  macro  particles  are  necessary  to  repre¬ 
sent  the  charge  distribution  accurately  and  it  takes  about 
100  Cray  cpu  hours  to  simulate  the  first  10  msec  of  the 
LEB,  which  is  one  fifth  of  a  cycle.  We  call  it  “strong- 
strong”  approximation,  because  the  emittance  and  charge 
distribution  are  updated  continuously  and  it  is  expected 
to  be  self-consistent. 

The  second  approximation  assumes  that  charge  distribu¬ 
tion  is  always  Gaussian  and  the  image  charge  and  the  longi¬ 
tudinal  space-charge  forces  are  negligible.  By  that  assump¬ 
tion,  the  transverse  space-charge  force  can  be  computed 
analytically  with  a  certain  truncation  [6].  By  using  approx¬ 
imately  1000  macro  particles,  the  rms  emittance  C2dculated 
at  the  end  of  each  turn  and  the  space-charge  field  are  com¬ 
puted  based  on  that  emittance.  Although  the  charge  distri¬ 
bution  is  assumed  to  remain  Gaussian,  it  is  self-consistent 
that  the  space-charge  force  is  a  function  of  the  instanta¬ 
neous  emittance.  We  call  it  “semi  strong-strong”  approx¬ 
imation.  In  the  longitudinal  plane,  the  emittance  is  fixed. 
The  bunch  shape  is,  however,  fitted  on  the  matched  bucket 
which  is  a  function  of  the  bending  field,  its  derivative,  and 
RF  voltage  at  each  time  so  that  the  time  dependence  of 
a  bunching  factor  is  included.  It  requires  10  Cray  cpu 
hours  when  1000  macro  particles  are  tracked  to  complete 
the  LEB  simulation. 

The  third  approximation,  which  is  the  most  simpli¬ 
fied  model,  assumes  that  the  charge  distribution  is  always 
Gaussian  and  the  emittance  does  not  change.  The  same 
formula  is  used  to  calculate  the  space-charge  force  of  Gaus¬ 
sian  distribution  as  the  “semi  strong-strong”  approximar 


tion  without  updating  the  emittance.  That  approximation 
should  be  adequate,  when  the  beam  emittance  growth  is 
small  and  when  one  wants  to  see  either  initial  behavior 
of  the  emittance  growth  using  many  macro  particles  or 
stability  of  single  particle.  We  call  it  “weak-strong”  ap¬ 
proximation.  Most  of  the  following  simulation  results  are 
based  on  “semi  strong-strong”  approximation. 

Initial  charge  distribution  was  made  as  Gaussian  in  both 
transverse  planes,  and  we  examined  emittance  each  turn  by 
two  independent  definitions.  One  is  the  the  rms  emittance 
calculated  from  1000  to  10000  particles.  The  other  is  the 
emittance  by  fitting  a  transverse  besun  profile  to  Gaussian. 
In  the  following  exercise,  we  found  that  these  emittance 
definitions  agree  with  each  other,  implying  that  the  charge 
distribution  remains  Gaussian  throughout  one  simulation. 

B.  Fermilab  Booster  Simulation 

A  simulation  of  the  Fermilab  Booster  was  performed 
for  comparison  with  its  experimental  data  that  shows  the 
emittance  growth  as  a  function  of  beam  intensity  [7].  Al¬ 
though  our  previous  study  indicated  that  asymptotic  emit¬ 
tance  depends  on  multipoles  and  misalignment  of  lattice  to 
some  degree  [2],  we  assumed  the  same  magnitude  of  errors 
in  the  Fermilab  Booster  model  as  in  the  LEB  because  there 
is  no  information  available  on  the  lattice  magnets.  (Those 
are  the  rms  misalignment  of  0.4  nmi  in  both  horizontal 
and  vertical  planes,  the  rms  rotation  angle  of  1.0  mrad, 
the  rms  closed  orbit  distortion  after  correction  of  1.0  mm, 
and  the  same  multipole  in  the  dipoles  and  quadrupoles.) 
We  tested  five  different  lattices  with  five  different  seeds  to 
calculate  asymptotic  emittance  of  the  first  9  msec  by  “semi 
strong-strong”  and  “weak-strong”  approximations. 

Figure  1  shows  the  comparison.  The  error  bar  of  simula¬ 
tion  results  shows  the  range  due  to  different  seeds.  There  is 
apparent  discrepancy  between  the  experimental  data  and 
the  simulation  results  when  the  beam  intensity  is  high. 
The  following  remarks  should  be  made.  First  of  all,  the  use 
of  the  multipole  and  misalignment  data  of  the  LEB  may 
not  be  a  good  model  for  the  Fermilab  Booster.  Therefore, 
we  do  not  have  rigorous  basis  for  one-to-one  comparison. 
However,  a  trend  such  that  the  emittance  start  growing 
when  the  beam  intensity  is  1.5  x  10^’’  per  bunch,  agrees  in 
the  experiment  and  the  simulations.  In  addition,  the  sim¬ 
ulation  shows  that  the  emittance  growth  lasts  about  5  or  6 
msec  after  injection  and  it  agrees  with  the  recent  measure¬ 
ment  by  Graves  et  ai,  who  took  the  time  dependence  of  the 
emittance  growth  in  the  Fermilab  Booster  [8].  The  same 
experimental  data  also  unveils  that  the  emittance  evolution 
has  two  steps,  one  is  after  injection  and  the  other  after  the 
transition  energy  crossing.  We  may  have  missed  a  part  of 
emittance  growth  at  the  transition  energy  crossing  which 
is  not  included  in  the  simulations.  The  asymptotic  emit¬ 
tance  as  a  sum  of  the  two  steps  by  Graves  is  more  or  less 
equal  to  experimental  data  of  Figure  1. 
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Figure  1.  Emittance  growth  in  the  Fermilab  Booster. 

III.  SIMULATION  RESULTS 

A.  Beam  Parameter  Dependence 

The  design  beam  parameters  of  the  LEB  are  1  x  10^” 
particles-per^bunch  (total  number  of  particles  are  1.14  x 
10^^)  with  0.40  T-  nun  •  mrad  rms  emittance.  ^  The  beam 
energy  rises  from  600  MeV  to  11.1  GeV  in  50  msec  with 
sinusoidal  ramping  curve.  We  explored  three  parameter 
space,  namely  beam  intensity,  initial  emittance,  iiyection 
energy,  keeping  other  two  constant.  The  asymptotic  emit¬ 
tance  is  defined  as  the  emittance  about  15  msec  after  in¬ 
jection,  at  that  time  emittance  growth  has  completed.  The 
model  lattice  has  multipoles,  misalignment,  and  closed  or¬ 
bit  errors.  We  used  measured  multipole  data  of  the  AGS 
Booster  magnets  [9].  Before  doing  systematic  parameter 
search,  we  made  a  preliminary  run  to  test  five  dififerent 
seeds  for  lattice  randomness  and  picked  up  the  worst  lat¬ 
tice  in  the  following  simulations. 

Figure  2  shows  asymptotic  rms  emittance  as  a  function 
of  beam  intensity.  Figures  3  and  4  show  the  emittance  evo¬ 
lution  and  maximum  tune  shift.  There  is  slight  emittance 
growth  already  started  when  the  intensity  is  1  x  10^”.  Be¬ 
low  that  intensity,  no  emittance  growth  is  observed.  The 
asymptotic  emittance  is  almost  linear  with  respect  to  the 
intensity  when  the  intensity  becomes  higher. 

Figure  5  shows  asymptotic  rms  emittance  as  a  function 
of  initial  rms  emittance.  Figures  6  and  7  show  the  emit¬ 
tance  evolution  and  maximum  tune  shift.  When  the  ini¬ 
tial  emittance  is  0.60  x-  mm  ■  mrad,  there  is  almost  no 
emittance  growth.  When  the  initial  emittance  is  less  than 
that,  the  emittance  growth  is  inevitable  and  the  asymp¬ 
totic  emittance  cannot  be  less  thw  0.44  ir-  mm  •  mrad  no 
matter  how  small  emittance  is  ii^jected  at  the  beginning. 
Overshoot  phenomena,  namely  smaller  initial  emittance 
ends  up  with  larger  asymptotic  emittance,  is  not  observed 
as  least  within  the  initial  emittance  range  we  explored. 

Figure  8  shows  the  rms  emittance  as  a  function  of  iujec- 
tion  energy.  Figures  9  and  10  show  the  emittance  evolution 
and  maximum  tune  shift.  If  we  make  the  ii\iection  energy 
1  GeV  or  higher,  almost  no  emittance  growth  is  observed. 

^Tbere  is  another  operational  mode  called  test  beam  mode,  which 
is  simposed  to  have  5  x  lO^**  particles  per  bundi  with  the  rms  emit- 
tanoe  4.0  w-  mm  •  mrad. 


Below  1  GeV,  less  im'ection  energy  is  taken,  mwe  asymp¬ 
totic  emittance  is  observed  as  expected. 

B.  Lattice  Saperperiodicitp 

Tlie  present  LEB  lattice  has  three  fold  symmetry  with 
three  long  straight  sections.  If  the  structure  resonance 
dominates  the  emittance  growth,  the  higher  periodicity  lat¬ 
tice  should  help  reducing  the  emittance  ^owth.  By  tak¬ 
ing  only  arc  part  of  the  present  LEB  lattice,  we  made  a 
higher  superperiod  lattice,  16-fold  symmetry  with  almost 
same  circumference  and  looked  at  the  emittance  growth 
as  a  function  of  the  beam  intensity.  Each  lattice  element 
has  the  similar  magnitude  of  multipoles  and  misalignment 
as  the  three-fold  symmetry  lattice  and  the  closed  orbit  are 
corrected  as  the  same  level,  namely  about  1  mm  as  rms.  As 
shown  in  Figure  11,  not  much  improvement  was  obtained. 

C.  Synchrotron  Oacillation  lime 

Synchrotron  tune  becomes  as  high  as  0.05  at  4  msec  after 
injection  and  gradually  decreased  toward  the  final  energy. 
To  look  at  the  dependence  of  the  emittance  growth  on  the 
synchrotron  time,  we  fixed  the  energy  and  rf  voltage  and 
tracked  particles  under  constant  si^chrotron  tune.  Keep¬ 
ing  the  peak  intensity  constant,  we  varied  synchrotron  tune 
under  three  different  conditions,  namely  with  constant 
Ap/p,  with  constant  longitudinal  emittance,  and  with  con¬ 
stant  bunch  length.  Figures  12  and  13  show  the  rms  emit¬ 
tance  after  6000  turns  as  a  function  of  synchrotron  tune. 
Since  there  was  no  energy  ramping  and  the  turn  number 
was  not  enough  to  have  the  emittance  saturation,  they 
are  not  asymptotic  in  value.  The  horizontal  emittance  at 
Vt  =  0.20  and  the  vertical  emittance  at  i/,  =  0.02  have  a 
bit  larger  emittance  but  the  overall  synchrotron  tune  de¬ 
pendence  is  marginal. 

IV.  DISCUSSIONS 

The  simulation  results  described  previously  indicate  that 
there  is  a  certain  limit  of  the  maximum  brightness.  That 
can  be  seen  m  Figure  14  in  which  we  plotted  the  brightness 
defined  by  the  rms  emittance  divided  by  beam  intensity, 
as  a  function  of  1)  beam  intensity,  2)  inverse  of  the  initial 
rms  emittance,  and  3)  the  initial  which  corresponds 
to  ipjection  energy.  The  horizontal  unit  is  scaled  such  that 
the  design  value  of  each  parameter  is  one.  Figure  14  shows 
at  least  two  things.  One  is  that  the  brightness  has  a  certain 
limit  no  matter  how  smaU  initial  emittance  or  intense  beam 
are  iiyected  as  long  as  the  injection  energy  is  fixed  to  600 
MeV.  Theit  brightness  limit  is  about  10%  higher  than  the 
design  value.  The  other  is  that  if  the  injection  energy  is 
increased,  the  brightness  can  be  as  high  as  20%  with  the 
design  beam  intensity  and  initial  emittance. 

A  question  is  then  what  makes  that  brightness  limit. 
F^om  Figures  4,  7,  and  10,  when  the  tune  shift  is  more 
than  —0.60  or  so,  beams  are  not  stable.  Since  the  verti¬ 
cal  bare  tune  is  11.80,  the  maximum  loaded  tune  is  about 
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Figure  3.  Emittance  evolution  of  Fig¬ 
ure  2.  Each  figure  indicates  beam 
intensity. 


Figure  4.  T\ine  shift  evolution  of  Fig¬ 
ure  2.  Each  figure  indicates  beam 
intensity. 


Figure  2.  Asymptotic  emittance  vs. 
beam  intoisity.  Design  beam  inten¬ 
sity  is  1  X  10^**  per  bunch. 


Figure  5.  Asymptotic  emittance  vs. 
initial  emittance.  Design  initial  emit¬ 
tance  is  0.4t  mm  mrad. 


Figure  8.  Asymptotic  emittance  vs. 
injection  energy.  Design  iigection  en¬ 
ergy  is  0.6  GeV. 
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Figure  11.  Asymptotic  emittance  vs. 
beam  intensity  in  16-fold  synunetry 
lattice. 
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Figure  ^  Emittance  evolution  of  Fig¬ 
ure  5.  Each  figure  indicates  initial 
emittance  in  the  unit  of  t  mm  mrad. 


Figure  9.  Emittance  evolution  of  Fig¬ 
ure  8.  Each  figure  indicates  injection 
energy. 


Figure  12.  Horizontal  emittance  af¬ 
ter  6000  turns  vs.  synchrotron  tune. 
There  is  no  energy  ramping  and  the 
synchrotron  tune  is  kept  constant. 
The  horizontal  solid  line  shows  the 
emittance  for  a  coasting  beam  with 
the  same  peak  intensity. 


Figure  7.  Tune  shift  evolution  of  Fig¬ 
ure  5.  Each  figure  indicates  initial 
emittance  in  the  unit  of  t  mm  mrad. 


Figure  10.  Tune  shift  evolution  of  Fig¬ 
ure  8.  Each  figure  indicates  injection 
energy. 


Figure  13.  Vertical  emittance  af¬ 
ter  6000  turns  vs.  synchrotron  tune. 
There  is  no  energy  ramping  and  the 
synchrotron  tune  is  kept  constant. 
The  horizontal  solid  line  shows  the 
emittance  for  a  coasting  beam  with 
the  same  peak  intensity. 
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V.  SUMMARY 


11.20.  According  to  findings  of  the  previous  work,  there 
ste  two  possible  mechanism  which  could  explain  that  limit. 
One  is  the  structure  fourth  integer  resonance,  that  is  sitting 
at  11.25.  The  other  is  resonances  excited  by  lattice  imper¬ 
fections.  Among  them,  the  strongest  one  is  the  half-integer 
resonance  at  11.50.  By  half-integer  resonance,  emittaace 
growth  becomes  visible  when  the  maximum  tune  shift  is 
twice  the  distance  between  the  resonance  and  bare  tune 
acceding  to  the  previous  study  [2].  Both  mechanisms 
possibly  increase  the  rms  emittance  because  of  the  super¬ 
periodicity  of  the  LEB  and  lattice  imperfections.  Siinilar 
results  in  the  lattice  with  16-fold  symmetry  implies  that 
the  latter  is  more  plausible. 
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Figure  14.  Brightness  vs.  beam  intensity,  inverse  of  initial 
emittance,  and  $y^. 

To  confirm  that,  we  looked  at  the  emittance  growth  in 
the  present  LEB  and  the  16-fold  symmetry  lattices  both 
without  multipole,  misalignment,  or  closed  orbit  distor¬ 
tion.  In  these  lattice,  only  the  nonlinear  elements  are  chro- 
maticity  correction  sextupoles.  We  took  5  x  10^®  particles 
as  beam  intensity  to  see  the  difference  if  any.  Table  1  lists 
the  asymptotic  emittance  of  two  different  superperiodic¬ 
ity  lattices,  with  and  without  lattice  imperfections.  The 
uncertainty  of  emittance  in  the  LEB  lattice  with  imper¬ 
fections  indicates  the  dependence  of  five  seeds.  From  that 
table,  it  is  clear  that  the  brightness  limit  is  caused  by  lat¬ 
tice  imperfections  in  the  both  lattices.  Although  the  lattice 
of  higher  superperiodicity  shows  the  better  behavior  with¬ 
out  lattice  imperfections,  the  difference  of  the  two  lattice 
becomes  marginal  once  the  practical  imperfections  are  in¬ 
cluded. 

Table  1 

Asymptotic  Emittance  in  the  LEB  and 

the  16-fold  Symmetry  Lattice  with 

and  without  Lattice  Imperfections 


Using  the  LEB  of  the  SSC  as  an  example,  we  explored 
parameter  space  and  investigated  space-charge  effects.  We 
found  that  there  is  brightness  limit.  The  brightness  is 
bound,  no  matter  how  small  emittance  or  intense  beam 
is  injected.  That  limit  is  independent  of  the  lattice  super¬ 
periodicity  and  synchrotron  tune.  The  source  of  the  limit  is 
caused  by  lattice  imperfections  of  the  practical  magnitude. 
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Ab$tnct 

Aoceknftv  lAyticiati  lodiv  have  aocMi  10  compuien  tet 
are  tm  more  powe^  ttao  dioae  avaOalile  just  10  yean  i^a 
In  the  evly  1980*s.  dtiktop  woiksiaboos  perfonned  less  ten 
one  niillion  lloaitaig  point  opentkxM  per  second  (Mflops),  and 
the  reaUaed  petfonnanoe  of  vector  superoonqMien  was  at  best 
a  few  bmdted  Mflops.  Tbday  vector  processing  is  av^Iabie 
on  the  dedEiop,  providing  leseardien  with  performance  ap¬ 
proaching  100  Mflops  at  a  price  that  is  measured  in  thousands 
at  daOaa.  Ftmhetmore,  advances  in  Massively  Parallel  Pro- 
cesson  (MPP)  have  made  perfbcmance  <rf  over  10  gigsflopa  a 
lealibr,  and  around  mid-decade  MFPs  are  expected  to  be  ca¬ 
pable  of  teraflops  performance.  Along  wife  advances  in  MPP 
hardware,  researchers  have  also  made  significant  progress  in 
developing  alforithms  and  srrfkwaie  for  MPPs.  These  changes 
have  h^  and  win  continue  to  have,  a  significant  impaa  on  the 
work  oi  computational  accelerator  physicists.  Now,  instead  of 
running  partite  stamdatians  with  just  a  few  thousand  particles, 
we  can  perferm  desktop  simulations  wife  tnis  (rf  feousmids  oi 
simulation  particles,  and  calculations  with  wdl  ova  1  mil- 
lion  particles  are  being  performed  on  MPPs.  In  the  area  of 
conqwtational  electromagnetics,  simulations  that  used  to  be 
petfiormed  only  on  vector  superconqioiBrs  now  run  in  severed 
hours  on  desktop  workstations,  and  researchers  are  hoping  to 
perform  simulations  with  over  one  billion  mesh  points  on  fti- 
ture  MPPs.  In  this  pqier  we  will  discuss  the  latest  advances, 
and  what  can  be  eiqeected  in  the  near  future,  in  hardware, 
software  and  feiplictttions  codes  for  advanced  simulrfkxi  of 
partite  accelerators. 

brtroduction 

Itxlay  accelerator  physicists  are  findhig  it  possible  to  per¬ 
form  particle  simulations  and  electiomagnetic  calculations  of 
mfetecedoited  precision  and  complexity.  Such  calculations 
would  have  bero  impractical  only  two  to  three  years  ago,  but 
th^  are  possiMe  now  because  ot  two  major  developments: 
(l)te  avaOaMlity  of  very  high  performance,  affordable  work¬ 
stations  and  (2)the  availability  of  Massively  Parallel  Processors 
(MFPs)  and  distributed  computing  enviraiunents.  These  topics 
win  be  discussed  in  fee  first  part  of  this  pfq)er. 

In  the  second  part  of  this  pqter  we  will  discuss  simu- 
lations  we  have  perframed  using  the  Connection  Machine  5 
at  the  Advanced  Computing  Laboratory  of  Los  Alamos  Na- 
tkmal  Laboratory.  We  are  developing  computer  codes  feat 
win  sifepott  efforts  related  to  the  design  of  next-generation. 


high  cinreittacoteraiotx.  We  wiU  show  prdiminaiy  results  of 
beam  dynamics  calcolatinns  wife  16,777,216  (*2^)  particles. 

ADVANCED  COMPUTERS 

Workstations 

One  of  the  most  significant  developroents  of  te  late 
1980’s  to  early  1990’s  is  te  emergence  very  hi^  perfor¬ 
mance  workstations.  During  te  early  1960's,  defetop  work¬ 
stations  geaenlty  perfonned  at  less  than  1  Mflop.  Hie  con¬ 
cept  of  a  pipefined  machine  (which  can  result  in  an  effective 
ferougifeut  of  one  result  per  machine  cycle  for  vector  opera¬ 
tions)  was  reserved  for  muld-million  dollar  vector  sofiercom- 
puters.  Today  vector  processing  and  nqierscalar  inqflementa- 
tions  can  be  obtained  on  te  desktop  for  a  price  measured  in 
thousands  of  dollars.  IVpical  characteristics  oi  a  moderate  to 
high  end  workstation  (in  1993)  are  as  ftfeows: 

1.  RISC  CPU 

2.  RAM:  iq>  to  512  MB  (16  SIMMS  @  32  MB/SIMM) 

3.  Hard  Dite  1  GB  to  a  few  GB 

4.  Performance:  10-40  Mflops 

5.  Price:  $10,000  to  $80,000 

Workstations  of  this  caliber  are  now  in  wideqiead  use  at 
many  laboratories,  universities  and  institutions.  Su^  madiines 
are  often  dedicated  to  naming  3D  tectromagnetics  simiriation 
programs  such  as  ARGUS  and  MAFIA.  It  is  not  uncommon 
for  these  jobs  to  require  several  hours  on  a  high  end  work- 
stafion.  Even  so.  kx  marry  probletns  te  tum-arouid  time  is 
fester  on  a  dedicated  workstarioo  than  that  Obtained  tunning 
on  a  time-shared  vector  supRcarfeuter.  Ibe  performance  of 
wofkstatians  wfll  Ifltdy  increase  significantly  in  te  near  fu¬ 
ture,  with  te  advent  of  muhferocessor  machi^,  64-bit  CPUs 
(for  which  double  predsion  calculations  will  be  umecessary), 
rad  more  CPUs  operating  around  2(X)  MHz. 

Ibble  1  shows  performance  benchmarks  for  a  samirie  of 
widely  used  workstatinis: 


*  Work  sifeported  by  te  U.S.  Dqx.  of  Energy,  Office  of  Energy  Research:  Office  of  High  Energy  and  Nuclear  Physics,  Office 
of  Siqieroonducting  Super  Cdli^.  Office  of  Fusion  Energy,  and  Office  of  Scientific  Computing 
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'nUe  1  Benchmaria  for  a  sample  of  workstations 


Machine 

Spec92Int 

Spec92FP 

MFLOPS 

Intel  48fi/50 

30.1 

14.0 

Intel  486^ 

32.4 

16.1 

Intel  PSiilfifi 

64,3 

36.9 

DEC  3kA400  (Alpha) 

63.3 

1123 

18.7 

DEC  3k/500  (Alpha) 

743 

126.0 

HP710(nkRISQ 

32.7 

56.4 

HP730(PARISQ 

32.0 

86.7 

HP735(PARISQ 

80.0 

130.6 

40.8 

Son  Sparc  IPC 

26.4 

21.0 

Sun  ^Mtc  10/30 

443 

539 

Sun  Sparc  10/41 

32.6 

64.7 

IBM  RS/16000  320R 

20.9 

39.4 

11.7 

IBM  RS/16000  3S0 

33.4 

743 

IBMRS/6000  580 

59.1 

124.8 

38.1 

SOI  bidigo  (R4000) 

57.6 

60.3 

16.0 

When  choosing  a  workstation,  benchmarks  like  that 
shown  above  should  be  regarded  along  with  several  other 
factors.  Fcv  examjde,  it  is  woth  keqxng  in  mind  that  the  per* 
formance  of  workstations  from  various  manufacturers  often 
leap-frog  one  another  in  a  time  q»n  on  the  «der  of  a  year. 
Long  term  stidrility  of  a  workstation  manufacturer,  and  the 
abili^  to  mcoipotate  a  specific  machine  into  one’s  local  net¬ 
work  are  also  important  considerations.  Fiiudly,  benchmarks 
obtained  Iqr  tunning  fineqnently  used  applications  programs 
ate  a  more  valuable  indicator  of  expected  performance  than 
SFECmark  results,  particularly  when  comparing  machines  of 
comparaUe  sophistication  from  different  manufacturers.  Table 
2  shows  the  p^ormance  of  some  wtnkstations  in  running  a 
MAFIA  eigenvalue  problem  [1]; 


Ihble  2  Benchmarks  based  on  a  MAFIA  eigenvalue  problem 


Machine 

MFLOPS 

DEC  3k/500  (Alpha) 

22.1 

HP  730  (PA  RISQ 

12.3 

Sun  Sparc  1 

1.36 

Sun  Sparc  IPC 

1.71 

Sun  Sparc  2 

3.9 

Sun  Sparc  10/30 

10.4 

IBM  RS/6000  320 

10.1 

IBM  RS/6000  350 

13.4 

IBM  RS/6000  580 

38.1 

Massively  Parallel  Processing  and 
Distributed  Processing 

Another  major  advance  that  has  occurred  in  recettt  years 
is  the  developtnem  of  computer  platforms,  software  and  algo¬ 
rithms  for  massively  parallel  processing  and  distributed  pro- 
cesshig.  These  environmems  are  aimed  sa  solving  probl^ 
that  are  on  the  (presem)  leading  edge  of  high  performance 
computing,  and  which  require  performance  on  the  order  of  10 
Oflops  to  1000  Oflops.  Typical  ^iplications  raclude;  global 
climate  modeling,  quantinn  chromodynamics,  mtfiecular  dy¬ 
namics,  self-consistent  electronic  structure  calculations,  3D 
seismic  calculmions,  and  high  restfiution  simulations  in  compu¬ 
tational  fluid  dynamics,  electromagnetics,  and  structural  a^- 
ysis,  to  name  a  few. 

Large  scale  MPPs  typically  fall  into  one  of  two  categories : 
SIMD  (Single  Instruction/Multiple  Data)  and  MIMD  (Multi¬ 
ple  Instniction/Multiple  Data).  The  SIMD  model  is  tite  least 
complex  and  the  easiest  to  utilize  from  a  user  standptnnL  In 
this  case,  all  the  processing  elements  operate  in  syndironism, 
petfrxming  the  same  tqteration  on  different  sets  of  data,  lypi- 
cally,  programmers  can  write  code  using  array  constructs  like 
that  found  in  Ftxtran  90  (for  example,  a-b+c,  whme  a,  b  and 
c  are  arrays);  the  compiler  will  recognize  this  as  an  (gieratioa 
that  can  be  done  in  parallel.  Thus,  from  the  starKhroim  of  a 
scientific  programiner,  it  is  easy  to  use  MPPs  for  problems  that 
are  inherently  data  parallel.  The  drawback  of  this  approach 
is  that  it  is  restrictive  with  respect  to  the  types  of  calculations 
that  can  be  implemented  (in  a  straightforward  manner).  In 
contrast,  in  the  MIMD  ^tproach  all  the  processing  elements 
can  be  performing  different  instructions,  asynchronously,  on 
different  sets  of  data.  While  this  approach  is  flexible,  it  is  also 
far  more  difficult  to  make  use  of  from  a  ptogranuning  stand¬ 
point.  In  MIMD-style  programming,  the  programmer  qredfies 
operations  at  the  levd  of  individual  processors  and  makes  use 
of  message  passing  routines  for  irtteri»ocessor  communication. 

The  implementation  of  massively  paralld  processing  is 
complicated  by  many  factors.  One  factor  is  the  type  of  mem¬ 
ory  requirement  for  a  given  {noUem;  Do  the  processtHS  re¬ 
quire  only  local  memcHy,  nearest-neighbor  corrununication,  or 
increasingly  global  ccmununication?  If  the  communication  is 
global,  are  the  required  pattons  regular  or  random?  Another 
impmam  firotor  is  the  issue  of  load  balancing:  It  is  pointless 
to  allocate  a  large  number  of  processing  elements  to  a  job  if 
only  a  few  processors  are  w<»king  while  many  others  are  idle. 
There  are  many  operations,  common  to  large  applications  pro¬ 
grams,  that  are  not  obviously  parallelizable  a^  do  itot  lend 
themselves  easily  to  load  balancing.  Fcnr  such  (gierations,  it 
is  necessary  to  devote  a  great  deal  of  effort  to  circumvent  the 
difficulties  (if  it  is  possible  at  all).  An  example  of  this  is 
the  operation  of  laying  down  a  distribution  of  charge  ot  mass 
onto  a  regular  mesh.  If  the  distribution  is  highly  nonuniform 
(such  as  a  Gaussian  distribution),  then  processtxs  associated 
with  the  tails  of  the  distribution  will  cease  to  be  utilized  long 
before  processors  associated  with  the  core  of  the  distribution, 
unless  an  effort  is  made  to  deal  with  this  issue.  Researches  in 
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tbe  field  of  pbauM  paticle-iii-c^  (MC)  Umiiiarinw  have  made 
ligntficent  progrem  in  diii  area  [2]. 

For  ouny  praMeeu.  campoiatioaai  physidsis  caa  olNtto 
inodeiaidy  1^  perfonnanoe  widiout  having  10  prognm  at  the 
level  of  individual  prooesshig  eleineata.  Two  things  mdre  this 
possible:  Pint,  many  MPP  manufacnncrs  are  devehsping  scal¬ 
able  software  libcaries  to  peifonn  operations  of  wideqxead  q>- 
plicabiliqr  to  sdeotific  pragrammeis.  Secondly,  as  mentioned 
above,  many  MPP  con^len  recognize  Fortran  90  constructs 
as  operatkns  than  are  to  be  performed  in  parallel.  Just  as  pro¬ 
grammers  in  the  1980*s  kar^  to  write  “clean  code”  with  vec- 
torizable  do-loops  to  achieve  high  performance  on  vector  su- 
petcooqmters,  scientific  programmen  of  the  1990‘s  will  learn 
to  write  “dean  code”  in  Fortran  90  to  obtain  high  performance 
on  MPP’s.  (bi  addition  to  Forttmi  90.  some  MPP  manufactur¬ 
ers  also  provide  support  for  the  C  programnUng  language.)  Of 
course,  the  very  hi^iest  performance  will  still  be  obtained  by 
researchers  who  have  the  time,  energy,  and  need  to  progrtun 
at  die  individual  processor  levd. 

Today  there  we  several  MPPs  available,  and  many  are 
under  development  One  of  the  early  successful  MPPs  was 
the  bitd  Touchstone  Ddta:  It  consists  of  540  i860  CPUs  and 
is  cqiaUe  of  a  peak  performance  of  32  Gflops.  It  has  been 
used  very  successftilly  for  large  scale  astrophysical  simulations 
[3].  One  of  the  leading  MPPs  at  this  time  is  the  Thinking 
Machines  Corporation  Connection  Machine  S  (CM-S):  It  is  a 
tree-connected  MIMD  machine  thw  consists  of  a  number  of 
Sparc-based  CPUs  each  with  4  vector  units.  A  1024  node  ma¬ 
chine  is  capaUe  of  a  peak  performance  of  128  Oflops.  A  third 
example  of  an  MPP  k  the  T-3D,  which  is  under  devekqxnent 
by  Cray  Research  Incorporated.  The  T-3D  is  planned  to  con¬ 
sist  of  a  large  number  of  Digital  Equipment  Corporation  Alpha 
CPUs,  each  running  at  ISO  MHz.  A  2048-processm'  system 
is  expected  to  have  a  peak  performance  of  300  Gilc^.  Mtuiy 
MPP  manufacturers  believe  that  performance  of  a  tei^op  will 
be  achieved  soon  after  mid-dec^. 

It  is  worth  poiming  out  that  advances  in  the  workstation 
market  have  had  a  significwit  impact  on  the  development  of 
MPPs.  The  goal  of  an  MI¥  manufacturer  is  not  just  to 
build  a  hi^  perfomance  machine,  but  also  to  build  a  cost 
effective,  afforddile  machine.  As  should  be  evident  Iron 
the  previous  paragrrqrfi,  MPP  manufactures  are  now  building 
systems  around  mass  produced,  inexpensive  RISC  CPUs.  In 
addition,  they  make  use  of  inexpensive  DRAM  monory.  A 
typical  MPP  will  have  16MB  to  64  MB  per  node. 

Another  qiproach  to  high  perfomance  computing  is  to 
use  collections  of  computers  to  p^orm  paraUel  computations. 
In  the  simplest  case,  it  consists  of  a  homogeneous  collectioi 
machinre,  such  as  a  cluster  of  workstations  (or  woiksta- 
tion  “farm”).  In  a  more  st^sticated  rqriHoach.  it  consists  of 
a  heterogeneous  collection  of  computers,  including  worksta¬ 
tions,  vector  supercomputers,  and  even  the  nodes  of  an  MPP; 
all  the  processors  involved  in  the  computation  are  connected 
by  a  variety  of  netwoiks.  Software  such  as  PVM  (Parallel 
Viitual  Machine)  is  now  availaUe  to  support  such  calcula¬ 
tions.  [4].  Distributed  processing  has  been  aided  by  the  de- 


veloponent  of  high  qieed  networits  that  opetwe  at  neatly  a 
gigabit  per  second.  Many  of  these  are  baaed  on  the 
Performance  PanBel  Intetfooe  (HIFPI),  which  operwes  at  0.8 
Gbit^.  Also,  5  Gbit^  networks  are  under  devdopmem. 
Usmg  high  qieed  networks,  it  will  toon  be  possible  to  coor¬ 
dinate  the  high  perfonnance  oonqnitiiv  platfotms  at  several 
geographically  separated  superconqwter  centers  to  nm  Grand 
Challenge  simulations. 

ADVANCED  ACCELERATOR  SIMULATION 

Today  there  are  several  important  problems  in  compu¬ 
tational  acceleraior  physics  that  cannot  be  handled  without 
making  use  of  high  performance  computing  platforms.  These 
include: 

1.  Self-consistent  beam  dynamics  problems  involving  very 
large  numbers  of  particles  (>  10^  particles) 

2.  Electromagnetics  simulations  invdving  very  large  num- 
ben  of  mesh  points  (>  10*  points) 

3.  Long  term  backing  in  circulw  machines 

4.  Optimization  of  beamlines  and  electromagnetic  structures, 
where  each  iteration  in  the  simulation  is  itself  difficult  or 
impossibte  to  perform  on  a  single  workstation  or  vector 
superconmuter 

Below  we  will  discuss  the  simulation  of  intense  beams  using 
large  numbers  of  simulation  particles,  motivated  by  the  need 
to  predict  beam  halo  in  next-generation,  high  intensity  CW 
accelerators. 

During  the  past  several  years,  many  technical  advances 
have  been  made  in  the  field  of  Accelerator  Txhnology  that 
are  (gening  up  new  areas  of  research  and  application.  Sev¬ 
eral  projects,  of  major  importance  to  the  enviromnent  and  to 
international  competitiveness,  now  seem  feasible.  These  in¬ 
clude  the  Acceleraior  lYansmutation  of  Waste  (ATW),  Acceler¬ 
ate  ProdiK:tion  of  Tritium  (APT),  accelerator-based  {woduction 
of  14  MeV  neutrons  Cor  fusion  materials  testing,  Acederator 
Based  Conversion  of  Plutonium  (ABC)  and  the  develqm>cnt 
of  a  next-generation,  high  intensity  spallation  neutron  source. 
These  projects  are  also  extremely  challenging:  They  rely  on 
very  high  intensi^,  continuous  wave  accelmmors  (as  opposed 
to  the  moderately  low  intensity,  pulsed  machines  of  the  past). 
Adding  to  the  difficulty  is  the  Cad  that  these  projects  are  con¬ 
sidered  accepiaUe  only  if  hands-<m  maintenance  of  the  accel¬ 
erator  is  possible.  (Remote  handling  increases  the  complexity 
and  the  cost  of  these  projects  significantly.)  In  order  to  meet 
scheduled  maintenance  requiiements  and  Occupational  Safety 
and  Health  requiiements,  the  radioactivity  level  must  be  a  few 
millirem/hour  shortly  after  shutdown  of  the  accelerator.  This 
corresponds  to  very  strict  beam  loss  requiiements:  the  allowed 
beam  loss  is  on  the  order  of  0.1  nanoampere/imder,  or  equiv¬ 
alently,  about  1  part  in  10  to  100  million.  These  projects  are 
expensive  (some  are  expected  to  cost  over  1  billion  ddlars). 
It  will  be  difficult  to  get  tmproval  for  any  of  them  unless  one 
can  demonstrate  clearly  and  convincingly  that  it  is  possible  to 
meet  the  beam  loss  requirements. 
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Bem  kMM  at  Ms  low  levd  are  caused  by  paiticlea  la 
Ae  very  ipnely  populaied  beam  halo,  at  a  distmce  of  6  or 
more  standanl  deviatioos  fkom  the  beam  axis.  Beam  halo  and 
reanUng  beam  loss  are  due  to  qmoe  chmie  efEecta  cou|ded 
with  eflhcts  such  as  beam  aaiamaidi.  machine  erron  and  field 
nooUnearitles.  Understanding  mid  predicting  beam  halo  hat 
beooaae  a  critical  iasne  ftar  many  advanced  accelerator-based 
prcijects.  Ui  order  to  have  confidence  that  we  can  meet  these 
ultra-low  loss  requirements,  we  need  to  perform  particle  um- 
ulations  with  on  the  order  of  100  million  particles.  Consider, 
for  exanqde,  that  if  one  shnnlmed  a  round  Oaussimi  beam 
with  100  million  particles,  only  about  4  pmticles  would  be  lo¬ 
cated  in  the  region  beyond  six  standard  deviations.  Acceienior 
simulations  of  this  magnitude  are  impossible  with  vector  su- 
perconqwlers,  but  with  the  advent  of  MPPi  such  simulations 
are  wi^  reach. 

We  are  developiog  simulations  using  the  CM-5  at  the  Los 
Alamos  National  Laboratory  Advanced  Computing  Laboratory 
in  order  to  better  understand  and  predkt  beam  halo  in  high 
intensity,  ultm-low  loss  accelerators.  Ultimately,  we  expect 
to  be  able  to  perform  simulations  with  on  the  order  of  100 
million  particlre.  Accelerator  simulations  of  this  magnitude 
(in  which  we  would  propagate  a  beam  in  fine  detail  fiinxigh 
up  to  a  kilometer  of  aocderating  structures)  are  uiqxecedented 
in  the  field  and  rqxesent  a  quantum  leap  beyond  what  has  been 
accomplished  in  the  past  We  hope  to  be  able  to  accurately 
predict  beam  halo,  and  thereby  help  demonstrate  the  soundness 
of  advanced  accelerator  desi^. 

In  order  to  leam  to  utilize  the  CM-S,  we  have  begun 
by  developing  a  simulation  for  a  simple  test  problem.  Our 
program  models  an  intense  beam  in  a  periodic  focusing  chan¬ 
nel  Qn  two  dimensions).  The  beam  and  the  external  fields 
are  assumed  to  have  cylindrical  symmetry  (the  transport  sys¬ 
tem  consists  of  magnetic  solenoids.)  Our  simulation  includes 
nonlinearities  from  the  beam  self-fields  and  foom  the  external 
fringe  fields  of  the  focusing  magnets.  The  particles  are  {xop- 
agated  using  a  4th  order  symplectic  integration  algorithm  [S]. 

Figures  1  and  2  show  the  initial  and  final  beam  density, 
respectively,  firom  a  typical  ran  of  an  initially  mismatched, 
Gaussian  beam  propagating  in  the  focusing  channel.  Figures 
3  and  4  show  the  initial  and  final  horizontal  phase  space, 
respectively.  The  parameters  of  this  CM-S  simulation  ate 
shown  bdow: 


These  tesulis  were  obtained  using  beta  vetsioiis  of  the  oper¬ 
ating  enviroomeiit  and  run  time  libtaty  (0405T 12,  Beta  1, 
patch  4),  the  CM  Fortran  compiler  (CMF  2.1,  Beta  0.1)  and 
the  CM  Scientific  Software  Library  (CMSSL  3.1,  Beta  3). 

In  the  future,  we  plan  to  extend  our  model  to  petfrxm  sim¬ 
ulations  of  3-dimensional  beams  propagating  through  systems 
of  quadrupole  magnms  and  accekra^  structures. 


Figure  1  Initial  Beam  Density 
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Figure  2  Final  Beam  Density 


#  of  particles 

16,777,216  (=2“) 

#  integration  steps 

100 

#  jnocesstvs 

512 

CPU  time 

26  min 
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Figure  4  Rnal  Horizontal  Phase  Space 


-0.4  ' — 
-0.04 


Acceleiayir  pbyddttt  praseoily  have  acoeM  to  wsoaroes 
that  are  te  nqMiior  to  v4iat  was  avaOabie  joat  a  thcade  ago. 

Tlf  aaiwo  Irtnp  twM  ttnmi  th— 

<tf  the  early  Gnqr  anpcicomiwien;  Vito  toe  advent  Of  aaaarivefy 
pataOelanddiatribtaedpioceaini.gigadopperibniianoeiahe- 
coming  increashii^  common.  By  the  tone  of  toe  1993  Parti¬ 
cle  Accelerator  Oonftrence.  many  of  toe  p«tici|iants  win  have 
begun  to  use  MPPi,  sad  moat  wiB  prelbi^  program  them  in 
a  language  that  reaemibles  Fortran  9a  Hieae  advances  wiB 
have  an  especially  profound  inqiact  in  the  area  of  3-d  mod- 
elhig.  At  present,  simulations  on  high  ead  worfcstations  may 
require  many  hours,  rn^dng  optimization  of  struchires  a  (Bffi- 
cuit  task;  and  though  some  electromagnetics  codes  have  been 
ported  to  MPPa,  few  researchen  have  access  to  diese  plat¬ 
forms.  In  toe  near  future,  with  the  advett  of  64  bit  C^s 
operating  at  very  high  clock  qieeds.  and  vdth  the  intiodoc- 
tioo  workstations  and  several  thousand  node  MPPs  based  on 
these  structures,  researchers  wiU  have  access  to  machines  of 
unprecedented  performance. 

Ackoowrtedgmanta 

This  research  was  performed  in  part  using  toe  resources 
located  at  the  Advanced  Conqwting  Laboratory  of  Los  Alamos 
National  Laboratory,  Los  Alamos,  NM  87S4S. 
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Measured  Opdanim  BNS  Damping  Configuration  of  the  SLC  Linac* 
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Abstract 

Tnnuverse  wakelleld  (or  BNS^)  damping  has  been 
wcceatftdly  osed  in  the  liimc  of  the  Stanford  Linear  Ctdlider 
(SLQ  loirediice  cminance  enlargeraeot  foqm  beam  trt^ectory 
Itareoapleil  with  transverse  wrdteaelds^.  We  are  presently  in 
the  prooeM  ci  raising  the  bimdi  intensities  from  3  x  10^^ 
particles  pm  biiiich  to  over  4  x  10^^.  With  these  higher 
cortents  the  RF  phasing  co^guratioo  which  produces  BNS 
daiqring  amat  he  improved.  Too  little  "damping"  allows 
excessive  emiltanre  growth  from  jitter  but  too  much  damping 
increases  emittance  growth  from  chromatic  effects  and 
ptodooes  an  unaccqitable  loss  of  overall  energy.  Several 
experhnems  were  performed  to  find  the  optimum  settings  for 
the  preaertt  situation.  An  empirical  optimum  was  found  with  a 
combination  rtf  1)  sooKwhat  stronger  BNS  RF  phase  settings 
in  the  iqatream  sectitm  of  the  linac  and  2)  a  stronger 
quadrupole  latlioe  in  the  downstream  sectkm. 

Tnuisverse  (BNS)  Waketiekl  Damping 

In  the  SLC  linac  high  intensity  bunches  must  be 
accelerated  in  the  3  Ion  S>Band  structute  without  significant 
emittance  enlatgetnenL  Fositian  and  angle  jitter  of  the  injected 
beam  or  beam  deflections  along  the  linac  can  cause  significant 
emittance  growth  from  transverse  wakefields.  The  equation  of 
motion  of  the  particles  within  a  bunch  indicates  that  the  head 
die  bunch  will  rcsonandy  excite  the  longitwBnal  tail  of  the 
bunch  to  ever  increasing  anqilitodes  as  the  bunch  makes  a 
betatron  oscillation  along 'the  linac.  A  technique  to  reduce  the 
resonant  blowup  of  the  tail  by  the  head  is  called  BNS 
damping*  where  the  energy  of  the  longitudinal  tail  of  the 
bunch  is  reduced  from  that  of  the  head  by  offsetting  the  initial 
RF  phases.  With  this  technique,  the  net  "defocusing” 
transverse  wakefield  forces  on  the  tail  are  to  a  large  extent 
cancded  by  the  increased  focusing  of  the  quadnipole  lattioe  fw 
die  taiL  An  analytical  modeP  gives  the  oontfidon  for  "BNS” 
danogiing  in  the  discrete  focusing  case. 

[<P>Utticee2N<W>be«nl  <  [2<d2v/d6  ds>E<82>*/2i^l 

where  P  is  the  lattice  betatron  function  and  e  is  the  election 
charge.  N  is  the  number  of  particles,  W  is  the  transverse 
wdc^eld,  y  is  the  betatron  phase  advance  pm*  cell,  5  is  the 
fractional  energy  t^fret,  s  is  the  (tistance  along  the  acceleimor, 
and  E  is  the  beam  energy, 

Hds  comBtion  can  be  »pressed  for  a  multi-particle  bunch 
but  cannot  be  easily  produced  over  the  bunch  length,  so  that 


compromises  must  be  made.  Furthermore,  several  SLC 
conditions  make  the  matching  conditions  difficult:  the 
distances  between  quadrupoles  change  along  the  linac,  the 
phase  advance  per  ceO  changes  along  the  linac,  and  the  energy 
correlation  (spread)  is  difficult  to  change  rapidly  with 
distance^. 

To  show  the  trajectory  enlmgemoit  efiect  from  transverse 
wakefields  without  BNS  damping,  a  horizontal  oscillation  in 
the  beam  was  made  at  about  the  1.8  km  locatitm  along  the 
linac  and  the  ensuing  beam  oscillation  was  recorded.  The 
oscillation  is  shown  in  Figure  1.  A  rapid  growth  without  BNS 
damping  is  very  evident 


o.  towe.  aeoo.  aeoo . 


Distance  (m) 

Hgure  1  Growth  of  beam  tails  mid  centroid  position  without 
BNS  damping  from  a  d^le  kidt  starting  at  about  18(X)  m. 


The  present  BNS  conditions  fOT  the  SLC  linac  are  listed 
in  Table  1  and  are  made  by  (back)  phasing  the  first  56 
klystrons  at  -20  degrees  and  (frnward)  phasing  the  imnaining 
176  klystrons  at -t-lS  degrees.  In  this  way  the  desired  correlated 
energy  spread  is  produced  along  the  linac  as  can  be  seen  in 
Hguie  2.  One  constraint  is  that  the  total  energy  spread  be 
small  (0.26%  tins  or  so)  at  the  end  of  the  linac  as  needed  by 
tte  final  focus  system  downstream.  Horizontal  oscillations  for 
a  bunch  with  3  X  10***  e*  goieiated  at  three  locations  along  the 
linac  using  this  nominal  BNS  configuration  are  shown  in 
Figure  3.  Note  the  significantly  reduced  growth  effects  as 
compared  to  Figure  1. 


*  Work  nppofted  by  the  Dq[Mitment  of  Energy  contract  DE-ACX)3>76SF00S1S. 
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Figiire2  Cocrelaied and unconelatedenetsyqireads along  the 
linac  for  die  natual  case  and  for  the  old  and  new  BNS  cases. 


Distance 

Figuie  3  Induced  horizontal  oscillations  at  three  locations  in 
the  linac  with  the  nominal  BNS  phases;  56  klystrons  at  -20 
degrees  and  176  klystrons  at  -t-lS  degrees. 

Optimum  BNS  Tests 

The  question  we  addressed  in  these  tests  was:  When  the 
beam  charge  is  raised  fitom  3  x  10^^  to  over  4  x  10^^  will  a 
new  RF  phase  configunaion  be  needed?  Simulations^  indicate 
that  incnmsed  energy  spreads  might  help  but  that  issues  of 
mergy  overhead,  stability,  and  chromatic  emittance  growth 
will  midce  the  exaa  optimum  choice  difficult  to  prerUct. 
Because  (rf  these  compli^ons,  an  experimental  determination 
ci  die  best  configuration  was  used. 

Several  predetermined  configurations  were  studied  using 
the  limited  accelerator  physics  time  available  on  the  SLC.  The 
measure  of  comparison  was  the  ratio  of  the  final  oscillation 
am;^;'itude  m  47  GeV  to  the  initial  amplitude  at  the  source  of 
the  dipole  change,  made  at  three  locations.  The  studies 
induded  four  cases:  1)  weaker  BNS  than  the  present  case,  2) 
the  nominal  case,  3)  a  slightly  stronger  case,  and  4)  a 
moderately  stronger  case.  The  resdts  of  these  studies  are  listed 
in  TaMe  1.  The  results  indicate  that  the  weaka  case  is  worse 


than  the  nominal  for  jitter  enhanced  enlargemeii  The  slightly- 
stronger  case  Is  better  than  the  aomind.  The  moderately- 
stronger  case  appe«»  slightly  better  than  the  slightly-stronger 
case  but  has  too  huge  a  chromatic  emittance 
Thus,  the  empirically  determined  best  case  is  the  slighdy 
stronger  case.  The  renting  oscillations  toe  shown  in  Figine 
4,  allowing  a  conqiatison  with  the  nominal  case  in  Rgure  3. 

For  an  exercise,  a  much  stronger  BNS  Gondilion  was  tried 
in  the  earty  linac,  as  is  shown  in  Hgure  S.  Here,  chromatic 
effects  are  quite  strong  and  the  two  nodes  in  the  downstream 
nsriiiarifiiiK  show  oooqilicated  head-tail  offset  changes. 


Distance 

Hgure  4  Induced  horizontal  oscillations  at  three  locations  in 
the  linac  with  the  new  stronger  BNS  phases:  56  klystrons  at 
-22  degrees  and  176  klystrons  at  ■••16  dqgrees. 


0  3km 

Distance 

Hgure  5  Induced  oscillation  with  a  much  stronger  BNS. 


Stronger  Quadrupole  Lattice 

In  the  downstream  half  of  the  linac,  BNS  damping  is  no 
longer  very  efiective  against  jitter  starting  midway  along  the 
linac.  This  is  because  the  BNS  dptimized  head-tail  energy 
correlation  can  no  longer  be  maintained,  as  can  be  seen  in 
Table  1  and  Fig.  2.  Thus,  a  study  of  potential  improvemrats 
suggested  stronger  quadrupole  strengths  in  that  region.  By 
increasing  the  quadnqpcde  lattice  strengths  fiom  the  presait45 
to  60  degrees  per  cell,  the  betatmi  function  could  be  reduced 
and  the  phase  advance  per  cell  increased.  Historically,  the 
quadnqmle  lattice  in  this  region  has  been  (iterated  somewhat 
below  its  maximum  so  that  the  lattice  could  be  rescaled  to  an 
RF  configuration  without  BNS  daminng.  Since  BNS  dampmg 
is  now  used  continuously,  a  lattice  with  an  increased  strength 


3235 


is  feasiblB.  Rtttaiciiif  the  betatroo  fonctioos  helps  io  two 
ways:  1)  Tbe  oscillation  amplitude  given  a  source  deflectum  u 
smaikr  for  itae  ledaoed  Ps  and  2)  the  efliBcts  of  Wakefields  from 
the  head  of  the  bunch  on  tbe  tail  are  also  reduced 

To  implement  tbe  inqxoved  lattice.  1)  the  quadnipote 
strengths  were  increased,  2)  the  betatron  functions  were 
matched  at  the  sector  boundaries  (every  1(X)  m)  with  small 
adjjustments,  and  3)  the  chromatic  effects  on  the  betatn» 
functions  woe  studied,  showing  only  small  sensitiviies.  A 
conqMtison  (rf  tbe  vmtical  betatron  futons  before  and  after 
the  change  is  shown  in  Figure  6.  Tbe  horizontal  functions  are 
similar.  Beam  tests  of  tbe  old  and  new  lattices  are  shown  in 
Figure  7.  The  amplitudes  of  oscillations  starting  in  the  middle 
(tf  the  linac  (Sectm  IS)  show  that  the  new  lattice  reduces  tbe 
resulting  oscillation  by  about  30%,  a  significtmt  gain. 


ao  I  I  >■■■  ■  ■  I  ■  ■  ■  ■  I  ■  ■  ■  ■  I  ■  ■  .  ■  I  ■  ■  ■  -r 
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Bgure  6  Vertical  betatron  functions  fm-  tbe  old  (uiqier)  and 
new  (lower)  hnac  quadruped  lattices.  Note  that  <Py>  is  lower 
at  the  end  of  the  1111%  for  tbe  new  lattice. 

Conclusions 

'Dansverse  wakefield  (BNS)  danqiing  works  very  well  and 
must  be  used  during  high  charge  per  bunch  running  of  the 
SLC  linac.  At  higher  currents  (4  x  10^^,  tbe  BNS  RF  phase 


offsets  must  be  increased  slightly  to  maintain  qitimum 
suppressioo  of  injectimt  jitter  enlargement  (rf  the  emittances. 
In  tbe  SLC  BNS  damping  is  ineffective  in  tbe  downstream 
half  of  the  linac.  Here  a  stronger  quadrupole  lattice  has  been 
generated  to  reduce  the  effects  of  jitter. 

Further  empirical  tests  will  be  made  in  tbe  next  running 
cycle  to  determine  the  fine  details  of  the  new  BNS 
configuration  including  effects  of  bunch  length,  iununoiity, 
and  detector  backgrounds.  Tests  aiming  at  higher  currents  (S  x 
10^^  or  so)  are  also  being  considered. 


Distance 


Figure  7  Induced  bwizontal  oscillations  at  the  1500  m 
location  in  tbe  linac  with  the  old  (upper)  and  new  (lower) 
lattices  with  tbe  new  strongo'  BNS  phases:  56  klysotm  at  -22 
degrees  and  176  klystrons  at  +16  degrees. 
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Abstract 

Beijing  Electron  Positron  Collider  (BEPC)  is  operated 
as  a  colliding  beam  facility  as  well  as  a  synchrotron  radi¬ 
ation  source.  The  maximum  single  bunch  beam  currents 
of  85mA  and  the  maximum  multibunch  beam  currents  of 
150mA  are  reached  which  are  stronger  than  the  designed 
goal^*).  In  this  paper  the  dependence  of  BEPC  single  beam 
phenomena  on  the  beam  current  and  the  single  beam  in¬ 
stabilities  are  described;  the  beam  current  limitations  are 
discussed  and  the  single  beam  phenomena  are  analysed. 


also  determined  by  measuring  the  tune  shifts  as  a  function 
of  beam  current,  which  is  in  the  form  of: 


AQ 

I 


.cR^Rt 
^  2QE 


Q  is  the  tune  and  1,  E  are  the  beam  current  and  energy 
respectively.  At  implies  the  impedance  and  F{ffi)  is  a 
function  of  the  bunch  length.  R  is  the  average  radius  of 
the  storage  ring.  So  the  impedance  can  be  easily  deduced 
and  it  is  quite  in  accord  with  other  methods.  The  averaged 
impedance  obtained  above  is:  |Z/r»|o  =  4.0n. 


I.  INTRODUCTION 


III.  CURRENT  DEPENDENT  PHENOMENA 


BEPC  has  been  operating  stably  since  the  first  e~e'^ 
collision  in  1988.  The  ipjection  energy  is  1.3  GeV  for 
the  2.015  GeV  colliding  and  the  2.2  GeV  dedicated  syn¬ 
chrotron  radiation  research  at  the  present  operation.  No 
serious  beam  instability  has  been  observed  in  BEPC  at 
the  present  operation  level  which  is  attributed  to  the  ef¬ 
forts  of  making  the  coupling  impedance  well  controlled. 
The  colliding  beam  current  limit  is  due  to  the  beam-beam 
interaction^^!.  As  for  the  synchrotron  radiation  operation, 
the  limitation  is  from  the  RF  power  that  the  cavity  ceramic 
windows  permit. 

Many  interesting  phenomena  are  observed,  including 
the  bunch  lengthening,  the  energy  spread  widening,  the 
transverse  beam  blow  up,  the  tune  shift,  the  head  tail  in¬ 
stability,  the  beam-cavity  interaction,  the  longitudinal  co¬ 
herent  oscillation  and  the  multibunch  effects. 

II.  COUPLING  IMPEDANCE 

The  coupling  impedance  expresses  the  interaction  be¬ 
tween  the  beam  and  the  environments.  It  is  a  key  param¬ 
eter  for  the  single  beam  instabilities. 

At  the  beginning  of  the  BEPC  construction,  we  have 
paid  more  attentions  to  making  the  vacuum  chamber  as 
smooth  as  possible,  to  reducing  the  angle  of  the  taper 
smaller  where  the  dimension  of  the  vacuum  chamber  is 
changed,  to  using  two  levers  bellow  to  expand  the  wave 
length,  to  designing  the  injection  kickers  and  the  vacuum 
gates  carefully  and  to  forming  the  flange  gaps  more  narrow 
and  shallow.  All  of  these  considerations  result  in  a  quite 
small  coupling  impedance.  For  every  component,  the  cou¬ 
pling  impedance  was  estimated  by  means  of  the  computer 
code  TBCI  and  UMREL  or  estimated  semi-analytically. 
During  the  machine  building,  the  coupling  impedance  of 
some  typical  components  such  as  RF  cavities,  kickers,  bel¬ 
lows,  tapers,  flanges  are  measured  by  the  simulation  cur¬ 
rent  method!^!.  The  whole  machine  coupling  impedance  is 


A.  Bunch  Lengthening 

The  bunch  lengthening  is  one  of  the  most  important 
issues  in  electron  positron  collider  for  the  bunch  length 
would  influence  the  achievable  luminosity,  which  could  be 
observed  in  BEPC^^l. 

This  phenomenon  is  explained  with  two  sorts  of  the¬ 
ories,  i.e.  potential  well  distortion  and  longitudinal  turbu¬ 
lence  instability.  When  the  beam  currents  are  over  certain 
value,  the  stronger  bunch  lengthening  as  well  as  the  energy 
widening  increases  with  it.  The  bunch  lengthening  effect 
has  been  measured  in  BEPC  with  the  different  methods: 
the  synchrotron  light  monitor  and  the  wall  current  moni¬ 
tor.  The  scaling  law  for  the  bunch  lengthening!^!  predicU 
that  the  bunch  length  is  a  function  as  follows: 


where  a  and  b  are  constant  for  a  certain  machine.  The 
bunch  lengthes  are  measured  under  the  different  conditions 
I/,,  I,  E,  and  and  the  preliminary  parameters  a  and  b 
are  obtained  for  BEPC.  The  rms  bunch  length  is  about 
5~10cm.  The  threshold  of  turbulence  is  about  8~10  mA 
at  1.55  GeV.  The  measurement  errors  are  caused  by  the 
instrument  rising  time  and  non-gaussian  form  of  the  beam. 
For  the  accurate  measurement  of  the  bunch  length,  several 
methods  are  being  studied  under  way. 

B.  Energy  Spread  Widening 

The  energy  spread  increases  above  a  current  thresh¬ 
old.  It  is  measured  by  limiting  the  longitudinal  bucket 
acceptance!®!  via  decreasing  the  RF  voltage  until  the  quan¬ 
tum  life  time  becomes  dominant  in  BEPC.  Therefore  it  can 
be  ceurried  out  by  measuring  the  synchrotron  frequency  and 
beam  life  time.  The  results  at  1.7724  GeV  are  shown  in 
Fig.l.  It  is  obvious  that  the  energy  spread  widening  begins 
at  8~10mA,  which  is  quite  in  agreement  with  the  bunch 
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lengthening  measufements  and  the  leeulU  detector  people 
obtained  in  r  maaa  determination  expniinenta. 

Mi 
Mi 

K  Mi 
Mi 
Mi 

Fig.l  Energy  Spread  Meaaurementa 
C.  Tnnavtnt  Beam  Blow-up 

The  transverse  beam  blow  up  is  a  very  important  sub* 
ject  especially  to  BEPC  upgrade  plansl^.  The  scraper  was 
applied  to  reduce  the  beam  life  time  to  the  transverse  quan¬ 
tum  life  time  and  therefore  the  beam  sixes  ag.fff  can  be 
found.  The  emittance  and  the  transverse  coupling  at  dif¬ 
ferent  energy  and  different  currents  have  been  measured, 
which  are  shown  in  Fig.2.  The  horisontal  beam  emittance 
is  proportional  to  7^  as  the  theory  predicted  but  the  verti¬ 
cal  beam  emittance  is  almost  unchanged  with  energy.  At 
least  20%  increment  of  the  beam  emittance  occurs  if  the 
beam  reaches  50mA. 


iBslttaae*  le.  fasru  bsUUae*  vs.  Currsats 


Fig.2  Emittance  Measurements 
D.  Tone  Shift 

The  theory  of  the  single  beam  effects  predicts  that 
the  tune  will  be  changed  when  the  beam  gets  stronger. 
The  measured  betatron  and  the  synchrotron  frequency  as 
functions  of  the  beam  currentl*]  are  showed  in  Fig.3. 


cm 

cm 
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Fig.3  Tune  Shift  Measurements 

The  signal  is  picked  up  from  a  monitor  with  four  strip 
lines.  The  observation  shows  that  the  vertical  tune  de¬ 
creases  with  the  beam  current  in  a  slope  of  -0.00025/mA 


at  1.3  GeV  first,  then  with  a  much  smalla  slope  later 
above  20  mA.  The  horisontal  tune  and  the  synchrotron 
tune  changes  slightly  with  the  beam  current. 

IV.  SINGLE  BEAM  INSTABILITIES 


A.  Head  Tail  InstaMitp 

The  basic  theory  of  this  transverse  instability  is  well 
understood  and  the  phoiomenon  is  observed  in  many  ac¬ 
celerators.  The  beam  current  threshold  is  less  than  1mA. 
The  lower  mode  of  the  head-tail  instability  is  overcome 
when  the  chromaticity  is  corrected  to  0.5  .  At  the  normal 
operating  condition  we  choose  it  as  2  or  3  by  four  families 
(ff  sextupole.  The  chronu^icity  is  set  to  4  or  5  to  avoid 
the  beam  loss  during  the  energy  ramping,  detuning  and 
separators  turning  c4f. 


B.  Beam-caviip  Interaction 

There  are  two  200MHs  RF  cavities  in  BEPC  storage 
ring  and  two  more  RF  cavities  will  be  installed  in  the  ring 
for  enhancing  the  RF  voltage  to  shorten  the  bunch  length. 
Higher  order  modes  can  be  excited  in  the  cavity.  The  par 
rameters  of  the  higher  order  mode  have  been  calculated 
by  the  computer  program  URMEL  and  compared  with  the 
measurement  results.  The  beam  could  be  unstable  if  the 
tuner  of  the  idle  RF  cavity  is  not  put  into  the  correct  po¬ 
sition.  The  observation  on  Robinson  effect  in  BEPC  is 
identical  with  the  theory.  The  detuning  angle  of  the  RF 
cavity  is  controlled  by  tuning  lo  in  normal  operation  to 
damp  it  and  the  similar  effects  fr  j  the  higher  nder  mode 
and  the  frequency  variation  influenced  by  temperature. 


C.  Longitudinal  Coherent  Oscillation 


The  longitudinal  coherent  oscillation  could  be  excited 
in  a  bunched  beaml’l,  caused  by  some  noises  especially 
in  the  RF  system.  The  signals  of  the  oscillations  can  be 
observed  on  the  wall  current  monitor  and  the  spectrum 
analyser,  and  also  can  be  picked  up  from  the  strip  line 
monitor  shown  in  Fig.4. 


The  normal  luminosity  records  are  shown  in  Fig.5a. 
Occasionally  the  luminosity  decreases  during  a  short  pe¬ 
riod  and  then  returns  to  the  normal  level  as  shown  in 
Fig.5b.  When  the  oscillation  occurs,  the  beam  life  time 
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decreases  slightly  and  the  significant  signal  of  the  longitu- 
dinai  coheroit  oscillations  eq>ecially  the  dipole  mode  can 
be  found  in  three  kinds  of  monitor  as  mentioned  above. 
The  luminosity  decreases  about  20%  usually  and  the  am¬ 
plitude  the  dipole  mode  oscillation  can  be  estimated 
about  3*  from  the  signal  on  the  wall  current  monitor. 


Fig.5  Luminoeity  Records 


When  both  the  electron  bunch  and  positron  bunch 
execute  the  longitudinal  dipole  coherent  oecillations,  there 
are  two  possible  phases,  i.e.  in  phase  or  out  of  phase. 
If  they  are  in  phase,  which  means  the  electron  bunch  and 
the  positron  bunch  arrive  at  the  designed  interaction  point 
in  the  same  time  because  they  advance  or  delay  in  the 
same  manner.  But  in  the  out  of  phase  oscillation  case,  the 
real  interaction  point  of  two  bunches  alternates  around  the 
designed  interaction  point  with  the  same  amplitude  and 
the  same  frequency  of  the  dipole  longitudinal  oscillation. 
Because  the  ^  function  and  the  transverse  beam  size  are 
minimized  at  the  designed  interaction  point,  the  luminosity 
should  be  decreased  if  the  real  interaction  point  deviates 
from  the  designed  one.  In  the  higher  mode  cases  m=2, 
3,  4,-  •  •,  the  real  interaction  point  does  not  move  from  the 
designed  point,  but  the  bunch  length  will  be  disturbed  and 
oscillated  in  the  different  modes  at  the  different  harmonics. 

A  detail  analysis  of  the  luminosity  decreasing  from  the 
longitudinal  coherent  oscillation  has  been  donet**’!.  The 
integrated  effects  of  any  order  longitudinal  coherent  os¬ 
cillation  have  been  calculated.  For  the  typical  measured 
parameters  of  these  oscillation,  about  15%  of  the  luminos¬ 
ity  decrement  comes  from  the  dipole  mode,  2%  from  the 
quadrupole  mode,  and  2%  or  3%  from  the  sum  of  other 
higher  order  modes.  This  is  coincident  with  the  luminos¬ 
ity  observation  and  measurement.  Hence  the  longitudinal 
feedback  system  is  being  developed  for  damping  the  dipole 
mode  oscillation. 

D.  Multihunch  Instability 

There  are  160  RF  buckets  in  which  particles  can  be 
filled.  Multibunch  mode  is  operated  for  synchrotron  radia¬ 
tion  research  dedicatedly.  The  multibunch  instabilities  are 
driven  by  narrow  band  impedance  i.e.  high  order  resonan- 
tors,  such  as  the  high  order  eigenmodes  in  the  RF  cavities 
or  in  the  cavity  like  objects.  The  different  filling  patterns 


were  tried  in  BEPC  and  the  multibunch  instabilities  have 
been  found.  The  possible  multibunch  patterns  are  shown 
in  Fig.8.  The  results  exhibit  that  the  more  bunches  are, 
the  leas  particles  can  be  filled  in  each  bucket;  the  farther 
distance  between  the  bunches  the  more  particles  will  be 
filled  in  each  bunch;  it  is  better  that  the  distances  between 
adjacent  bunch  are  the  same  and  the  preferable  patterns 
aK  4  or  8  bunches  distributed  uniformly. 


Fig.6  Multibunch  Patterns 
V.  CONCLUSION 

Many  interesting  phenomena  have  been  obseived  in 
BEPC.  For  future  luminosity  upgrade  plans,  stronger  beam 
currents  are  desired  and  some  limitation  for  the  higher  lu¬ 
minosity  might  be  come  from  the  single  beam  effects  such 
as  the  bunch  lengthening,  the  beam  transverse  blow  up, 
the  energy  spread  widening  and  other  instabilities.  Much 
more  RF  power  and  higher  RF  voltage  are  required  for 
adding  other  two  RF  cavities  to  store  stronger  beam  and 
to  suppress  the  bunch  length.  The  longitudinal  feedback 
system  has  to  be  set  up  effectively  for  keeping  the  inte¬ 
grated  luminosity  at  the  highest  level. 
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I.  IOTRODUCTK»I 

Tbe  SLC  damping  rings  fiinction  to  provide  low  emittaDce, 
short  bundles  for  injMtitm  into  the  linac.  As  the  beam 
intensity  in  the  rings  was  raised,  as  part  the  SLC 
lumino^  inqiroveiDent  ptogramil],  we  observed  a  threshold 
above  which  beam  jitter  woidd  occur  in  the  linac.  Frequent 
machine  trips,  caused  by  beam  loss  on  smne  bunches,  were 
assodated  with  the  jittm.  These  erratic  "flier”  pulses  were 
traced  to  extractkxi  phase  ecrms  fircnn  the  danqnng  tings.  This 
paper  covers  the  diagnosis  of  this  conation  and  the 
observations  of  the  transient  bunch  length  instability 
phenmnoia.  The  evidence  of  this  tutbulmit  (microwave)  bunch 
length  instability  is  seen  in  both  time  domain  and  in  frequency 
domain  measurmnents.  The  instability  has  been  dubb^  the 
"sawtooth"  because  the  characteristic  time  dependent  nature 
of  tbe  (diase  and  bundi  loigtb  signals.  It  is  present  in  bodi  the 
SLC  electron  and  positnm  danqiing  rings  at  about  the  same 
threshold  of  3*10^^  partides  per  bundi. 

An  interim  solution  to  thii  instability  {xoblem  has  bemi  to 
exercise  control  over  the  bunch  length  via  the  RF  voltage.  The 
peak  current  is  kept  bdow  tbe  huaabili^  threshold  by  ranqiing 
the  voltage  during  the  store  cycle.  The  blowup  in  the  bunch 
length  as  the  threshold  of  p^  current  (sintensity+bunch 
length)  is  crossed,  is  the  resdt  of  short-range  wake  fields.  The 
main  contributors  to  the  vacuum  chamber  inqiedaiiGe  are  stqi 
disccmtinuities  in  transition  pieces,  radiatirxi  masks  and  pump 
slots.  We  are  at  present  building  a  new,  smoother  vacuum 
chamber  to  reduce  the  impedance  and  thus  increase  tbe 
intensity  in  the  damping  rings. 

Earlier  measurements  of  bunch  lengthening[2]  in  the 
damping  rings  led  us  to  believe  that  the  lengthening  was  an 
equilibrium  process.  It  was  the  tight  tolerance  on  the  phase  of 
tbe  oitracted  beam  that  signaled  to  us  tbe  transient  betoviOT  of 
the  bunch  lengthening.  Such  tight  tolerances  on  beam  {riiase 
do  not  occur  in  storage  rings  and  so  tbe  transient  behavior  is 
less  important,  although  there  is  some  evidence  that 
"sawteeth"  have  been  observed  elsewhere[3].  There  is  also 
s(Mne  evidence  in  numerical  simulations  of  transient  bunch 
lengdiening  phenomena,  which  is  discussed  later  in  this  paper. 

n.  INSTABILITY  OBSERVATIONS 
The  time  dependent  nature  of  tbe  bunch  length  during  the 
8.3  ms  store  time  in  the  damping  ring  is  shown 
diagramatically  in  fig.  1.  The  bunch  tengtfa  decreases  rapidly 
after  injection,  with  a  longitudinal  danqnng  time  of  the  Oder 
of  2  ms.  When  the  bunch  length  passes  below  a  threshold  a 
sudden  blowup  in  bunch  length  occurs  in  a  time  span 
CTMnparable  to  the  10  us  synchrotron  period.  The  process  is 
*  Work  supported  by  Dqiartment  of  Energy  Contract  DE-AC03- 


self  limiting  because  of  tbe  I 
nonlinear  natme  the  sbor£^  \ 
range  wake  fidds  responsible  \ 

for  blowing  up  the  bunch.  \ 

Once  the  blowiq>  ceases  the 

bunch  danqis  down  until  tbe 

threshold  is  reached  again,  — ' — ' — ' — ' — 

causing  a  cyclical  repetition 

of  tbe  insUriMlity.  The  time  dependmit  nature  is  seen  in  the 
following  two  signals. 

Bunch  lengA  signal 

This  is  derived  fiom  the  sum  signal  of  a  pair  of  Beam  Position 
Monitor  (BPM)  electrodes.  Passage  of  the  bundi  gives  a 
bipolar  pulse  whose  height  is  pirqioitional  to  intensity^bunch 
length.  This  signal  is  peak  sanqil^-and-held  at  tbe  revolution 
frequency  of  8.5  MHz.  The  sanqiled  onfout  ctamected  through 
a  low  pass  filter  to  an  oscilloscqie  gives  a  real-time  diqd^  rtf 
the  inverse  of  the  bunch  length  during  the  beam  store  time.  An 
example  is  shown  in  fig.  2. 

Bunch  phase  signal 

The  behavior  of  tbe  beam  lAase  is  inqxxriant  since  it  has  direct 
bearing  on  bow  tbe  bunch  is  launched  into  die  linac.  The 
bunch  phase  can  be  referoDced  to  either  die  714  MHz  RF  of  the 
damping  ring  or  to  tbe  2856  MHz  S-bond  RF  of  the  linac.  The 
714  MHz  beam  phase  shown  in  fig.  2  also  exhibits 
sawtooth-like  jumps  at  the  same  time  that  the  bunch  Imigth 
signal  blows  up.  The  synchronous  beam  phase  angle  is  given 
by  0s=sin~^Uioss/Vr£  SO  the  changing  phase  during  an 
instability  reflects  a  changing  energy  loss  per  turn  of  the 
bunches.  The  higher  order  mode  losses  of  die  bunch  are  a 
function  of  tbe  line  charge  density  and  so  are  inversely 
propordonal  to  bunch  length.  As  the  bunch  blows  up  the 
big^  order  mode  losses  decrease  and  the  beam  jdiase  shifts. 
We  observe  an  ^proximately  0.5°  phase  shift  at  714  MHz 
during  a  sawtooth,  which  implies  that  at  the  nominal 
(floating  conditions  of  f=l  MV  and  the  eaagy  loss 
per  turn  changes  by  9  kV.  This  is  to  be  ctmipared  to  the 
80  kV  radiation  losses  and  the  ncaninally  80  kV  higter  (Hder 
mode  losses. 

Tbe  0.5°  phase  jump  at  714  MHz  translates  into  a  2° 
jump  at  S-band  in  the  linac.  This  magnitude  of  phase  errw 
causes  a  problem  with  die  RF  bunch  length  campressOT  in  die 
Ring  To  Linac  beam  line.  A  phase  error  at  extraction 
transfimns  to  an  energy  ernn'  in  the  conqiressor,  resulting  in 
both  (Hbit  and  cbranatic  errors. 
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The  troublesome  feature  of  the  sawtooth  behavim*  is  that 
the  timing  of  the  phase  hiccups  will  jiggle  around  and 
occasitmally  occur  just  at  extraction.  When  this  occurs  the 
bunch  will  be  incorrectly  launched  into  the  Hnar.  and  may 
eventually  be  lost  on  the  downstream  coUimatcns,  causing  tte 
linac  to  trip  the  machine  protection  circuits. 

The  bem  phase  in  the  damping  ring  is  controlled  by  an  S- 
band  beam-phase  feedback  loop.  The  gain-bandwidth  of  this 
loop  tolls  over  well  below  the  synchrotron  ftequency  so  it  is 
unable  to  compensate  for  the  rapid  phase  jumps  of  the 
sawtooth.  The  error  signal  for  the  S-band  loop  shows  a  series 
of  spikes  coincident  with  the  onset  of  the  sawtooth. 

Frequency  domain  measurements 

Turbulent  bunch  lengthening  is  often  referred  to  as  the 
microwave  instability  because  the  bunch  length  oscillation 
modes  have  a  characteristic  wavelength  at  some  small  fraction 
of  the  bunch  length.  For  the  short  (<1  cm)  bunch  lengths  in 
the  damping  rings  this  translates  to  frequencies  in  the 


Hg.  3.  a.  At  a  harmonic  near  20  GHz  many  modes  are  visible 
in  the  injected  beam.  (S  MHz  qtan) 
b.  In  the  damped  beam,  with  instability,  the  sextupole  mode 
dominates.  (1  MHz  qMui) 


100  GHz  range,  wdl  beyond  the  reach  at  our  oonventioiial  RF 
meamrement  equipment  care  in  the  aetiq)  we  have 

been  able  to  detect  useful  signatures  of  the  instal^ty  at 
frequencies  of  up  to  20  GHz. 

The  bunch  evtdves  rqtidly  during  the  store  time  so  the 
emphasis  of  our  measurements  has  been  on  !iepan|ring  the 
frequency  qiectrum  oi  the  turbulent  bunch  lengthening  from 
the  spectrum  generated  by  the  bunch  at  injection.  The 
application  of  a  Digital  Sigi^  nocessing  spectrum  analyzer 
has  proven  very  useful  here[4]. 

When  the  bunch  is  injected  in  the  danqung  ting  there  is  a 
considerable  longitudinal  mim^teh  The  bundi  n«riii«teie  with 
many  modes  as  seen  by  the  large  number  of  synchrotron 
sidebands  in  fig.  3a.  If  the  spectrum  acquisitirai  is  uiggoed 
later  in  the  store  cycle  the  modes  are  seen  to  have  damped  out 
However,  if  die  qiectrum  acquisition  is  triggered  to  ocair  after 
the  bunch  lengdi  has  damped  down  to  the  instability  threshold 
we  see  a  strong  signal  reappear  at  the  3vs  sideband, 
cmresponding  to  a  sextuprde  mode  of  oscillmion  in  the  bunch 
len^,  fig.  3b.  Note  that  although  we  refer  to  this  sideband  as 
3vs  its  frequency  of  -260  kHz  is  considetably  depressed  from  3 
times  Vs=100  kHz. 

If  spectral  measuranents  are  done  on  a  stored  beam  (Le.  by 
disaMing  the  extraction  locker)  the  behavior  can  be  recorded  as 
the  intensity  decays  down  to  the  threshold  where  die  msudulity 
ceases.  The  observed  behavior  is  that  die  3vs  line  is  present 
during  the  whole  time  diat  the  beam  is  unstable  in  the 
damping  ring  and  disappears  as  soon  as  the  instability  stops. 
Significantly,  we  observed  only  a  small  frequency  shift  of  the 
3vs  mode  widi  changing  cnrrmt  (-8.6  kHz/l»10^®).  The  other 
weaker  modes,  up  to  6vs,  exhibit  similar  frequency 
dqiendence.  We  had  anticqiated  an  intensity  dependence  of  the 
mode  frequency  so  that  we  could  account  fw  the  instability  in 
terms  of  longitudinal  mode  coupling,  a  phenomena  observed  at 
other  storage  rings[S,6].  An  example  of  mode  coupling  would 
have  been  if  the  3vs  sextupole  line  bad  crossed  the  2vs 
quadrupole  line,  but  this  did  not  occur. 

Since  we  determined  that  the  instability  has  its  largest 
(diservable  spectral  cmnponent  at  3vs.  we  set  up  a  spectrum 
analyzer  with  zero  span  at  this  frequency  and  swqpt  the  time 
span  from  injection  through  to  extraction.  There  is  an  initial 
l^ge  peak  in  the  signal  power  cmresponding  to  injection 
transients  and  then  nothing  until  a  sawtooth  occurs  at  which 
point  there  is  a  brief  rise  in  the  spectral  power.  This  confirms 
that  the  mode  is  tmly  present  during  the  brief  instant  that  the 
bunch  blows  up.  The  question  that  is  not  resolved  by  these 
measurements  is  whether  the  mode  is  a  symptom  or  the  cause 
of  the  instability.  It  is  conceivable  that  the  very  rapid  bunch 
blowup  is  a  turbulent  ivocess  at  very  high  frequencies  within 
the  bunch  and  that  when  it  extinguishes,  the  mismatch  of  the 
bunch  length  within  the  RF  bucket  causes  ringing, 
predominandy  at  3vs. 

m.  INTENSITY  DEPENDENCE 
The  threshold  for  the  instability  occurs  at  around  3*10^^ 
particles  per.  bunch  for  a  nominal  RF  voltage  of  1  MV.  At 
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kigber  ioteasities  we  observe  that  the  periodicity  of  the 
buMhility  htoteases.  i.e.  the  sawteeth  tppcK  closer  tc^ether  in 
tine.  The  i»ocess  can  be  viewed  as  a  relaxation  oscillator 
where  the  period  is  a  fiinctitn  of  the  bunch  length  dnnping 
time  and  the  trigger  thieshtdd.  The  damping  time  is  ctmstant 
but  the  bunch  length  at  which  the  bunch  goes  unstable 
inamses  at  higbm  intensities.  As  the  intensity  is  increased  the 
sawteeth  ^t  closer  together  until  a  transition  occurs  at  mound 
4*10^**  to  a  second  regime  with  “continuous  sawteeth”.  The 
bunch-length  and  beam-phase  signals  have  noise-like  character 
in  this  regime.  We  do  not  dbsenrc  that  the  bunch  loigth  ever 
teaches  a  quiet,  steady  state  equilibrium  between  the  heating 
and  damjang  mechanics. 

The  thresholds  for  these  regimes  also  depends  on  the  RF 
voltage  as  the  equiliivium  bunch  length  is  «  V*^^.  At  lower 
RF  voltages  the  bunch  takes  longer  to  reach  the  instability 
threshold,  so  the  frequency  of  the  sawteeth  is  reduced.  We 
describe  later  how  to  exploit  this  to  avoid  the  instability 
aliogedier. 

Bunch  lengthening  in  the  damping  rings  has  been  the 
sutqect  of  earlier  studies[21.  At  this  time  the  onset  of  bunch 
lengthening  was  measured  by  measuring  the  energy  spread  of 
the  extracted  beam  in  a  high  dispersion  beam  line,  as  a 
function  of  cutrenL  Prior  to  making  an  impedance  reduction  in 
the  vacuum  chamber  by  sleeving  the  bellows,  the  bunch 
lengthening  threshold  was  measured  at  1.5*10^^.  The 
measurement  has  been  repeated  since  the  sleeving  was  done  and 
the  new  threshold  is  close  to  3*10^^,  fig.  4,  coincident  with 
the  threshold  for  the  sawtooth.  The  measurement  of  energy 
spread  is  performed  over  many  machine  pulses,  masking  any 
transient  effects  related  to  the  sawtooth.  Numerical  simulations 
were  able  to  predict  the  factor  2  improvement  in  the  instability 
threshold  from  sleeving  the  bellows,  but  remained  pessimistic 
about  the  absolute  threshold  value  by  ^proximately  30%. 

The  intensity  distribution  functions  for  bunch  lengthening 
have  been  numerically  simulated  in  several  instances.  In  one 
example  an  undershoot  phenomena[7]  has  been  seen  where  the 
bunch  damps  below  the  instability  threshold  resulting  in  a 
sudden  blowup.  Unlike  our  sawtooth,  these  blowups  rapidly 
damp  after  injection.  A  simulation  of  the  LEP  ring[8]  has  also 
shown  periodic  blowups  of  bunch  length,  but  on  a  scale  much 
larger  than  has  ever  been  observed.  A  recent  simulation  with 


our  damping  ring  parameters[9]  has  shown  evidence  of  the 
strong  sextupole  mode  above  the  threshtdd,  but  without  any 
indicatioa  o(  a  sawtooth  behavior. 

IV.  Bunch  Length  control  through  the  rf 

Lowering  the  RF  voltage  is  a  means  of  increasing  the 
equilibrium  bunch  length  and  extending  the  intensity  dirubold 
for  the  instability.  A  low  RF  voltage  is  not  suitable  for 
efficient  injection  where  a  large  RF  budcet  is  required.  A  low 
RF  voltage  is  also  unsuitaUe  at  extraction,  since  a  very  long 
bunch  length  at  extraction  results  in  m  unaccq)tabie  energy 
spread  in  the  conqvessor,  causing  the  problems  alluded  to 
earlier,  of  beam  loss  and  chnxnatic  errors. 

A  solution  has  been  implemented  for  ramping  the  voltage 
down  approximately  1  ms 
after  injection  aitd  ramping  imv 
it  back  up  around  O.S  msxF 
before  extraction  as  shown  '''**•* 
in  the  adjacent  fig.  S.  In 
this  scheme  the  injection  ^5mv 
transients  have  time  to 
decay  but  the  voltage  is 
soon  reduced,  preventing 
the  bunch  from  damping  below  the  instability  threshold.  The 
voltage  is  ramped  up  at  the  end  of  the  store  cycle  so  that  the 
bunch  shortens  and  it  is  extracted  just  before  it  has  the  chance 
to  go  unstable.  The  programmed  voltage  changes  are  made 
adiabatically  so  that  the  bunch  remains  matched  to  the  RF 
bucket.  A  second  voltage  program  (not  shown)  is  used  to 
shorten  the  bunch  further  by  bunch  rotation  just  before 
extractionflO}.  Lowering  of  the  RF  voltage  for  both  these 
manipulations  has  severe  impact  on  the  beam  loading  of  the 
RF  cavities.  The  short  time  scale  of  the  ramp  means  the 
cavities  can  not  be  retuned  for  optimal  matching  at  the  lower 
voltage.  This  combined  with  the  lower  cavity  power  relative  to 
the  brim  power  leads  to  a  beam  loading  instability  at  lower 
voltages.  The  beam  loading  has  been  succesfuUy  compensated 
through  the  use  of  RF  feedback[ll].  We  have  been  able  to 
routinely  suppress  the  onset  of  instabilities  at  intensities  up  to 
3.5»10^®  per  bunch  by  ramping  the  voltage  from  IMV  down 
to  250  kV  during  the  beam  store  time. 
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Abstma 

Hie  acfaievaDent  of  bigb  density  veiy-low  eaeiiy  qwead 
dectran  beam  leqnires  a  deep  knowlei^  of  this  t^.  For 
dds  pwpose  longiturtinal  and  transvene  beam  lelasations  are 
stadied  for  two  different  sonroes,  a  thermo-  and  a  |Aoto- 
CBihode.  As  a  icsolt  a  plasma  parameiBr  greater  than  1  has  been 
measued,  dot  may  potentially  increase  the  efOdency  of  die 
dectran  ooolhig  technique. 

I.  INTRODUCTION 

Since  veiyter  energy  qjread  provhfes  a  higher  measuement 
accuracy  and  a  substantidly  beam  performance  improvement, 
it  is  the  main  god  in  several  research  areas. 

If  the  energy  broadening  d  the  source  is  equd  to  AE,to, 
neglecting  the  interactions  between  electroos,  the  relation 
between  AEu  in  the  beam  rest  frame  sod  the  ktaKdc  energy  IF 
resdtsin: 

AE|-AEio/4W  (1) 

The  charged  pardde  interacdons  oootrflwte  to  two  effects 
[1, 2]:  the  energy  transfer  from  transverse  to  longitodiiid 
conqwneots  (Boersch  effect),  and  the  relaxation  in  the 
longitudinal  component.  Both  could  be  adequately 
corapeuated. 

Tte  transverse-loogitudind  relaxation  can  be  danqied  using 
an  axtd  magnetic  fidd.  The  magnetic  field  intensity  dqxnds 
on  the  condition  thd  the  Larmor  radius  p,  experienced  ^  the 
electrons  in  the  magnetic  fidd,  has  to  be  less  than  the 
minimum  inter-particle  distance  r„g,.  Two  regime  have  to  be 
distinguished:  low  densities  n<  with  energy  spread  d£,  in 
which  the  inter-pardde  distance  is  rmin-^^fAE,  and  high 
densities,  in  which  Whoi  the  applied 

magnetic  fidd  satisfies  both  the  comfidoos,  the  energy  nansfer 
finun  transverse  component  to  the  longitudinal  one  is 
nqjpressed. 

Cta  the  other  lumd  doe  to  the  longitudinal  relaxation, 
n^lecting  the  inieractioo  bdween  transverse  and  kmghudind 
dqrees  of  freedom ,  the  eipation  (1)  becomes: 

AE|  «AE^4W  *  C  e^/h'^  (2) 

where  the  parameter  Cdq»ids  on  the  aooderaiii^  strocture. 

In  sndi  a  case  with  adequate  slow  acceleration  the 
hmgitodinal  energy  qiread  is  maintained  by  plasma 
oscillations. 


If  X  is  the  ratio  between  die  plasma  oscillation  period  and 
ihf  relaxation  hi  the  then 

X-(l/«oAE||)(dAE||fdt)  (3) 

FOrvdueofX*  1,  the  acceleration  is  called  adiabatic  respect 
to  die  osdllaiions  and  m  a  result  the  C  value  in  (2)  decreases. 

n.  APPARATUS  AND  RESULTS 
d  theqfvaraais 

The  electron  sources,  a  BaO  tbermocathode  and  a  GaAs 
photocatfaode,  the  latter  activated  in  NEA  condition  and 
illuminated  by  a  4S0  mW  maximum  power  singloreode  [4] 
Ti:Al203  tauMe  whhin  7SO-900  nm,  are  placed  in  a  Piem 
diode  d  high  extraction  potential  (2  mm  of  gap  between  anode 
and  cafeode).  The  condnnous  electron  beams  out  of  the  gun 
eater  the  atHabadc  aooderalioo  section  of  five  10  mm  radius 
p^ies,  then  they  travel  along  a  drift  section  1.8  m  ha^  C2).  A 
movaUe  retarteg  potential  analyzer  [5]  measures  the  bean 
energy  spread  with  a  8  meV  residntion. 

b)  traasverse-longiludmal  relaxation 
Ihe  energy  analyzer  allows  aocumte  measoicmeats  along  die 
kmgitodinal  directhn.  The  relationship  between  the  energy 
qiread  AW^,  measured  by  the  analyzer,  and  the  longitudinal 
distance  z  is  illustrated  in  fig.1  (a)  and  (b).  The  eiecttons, 
muracted  from  the  thetmccadiode  and  rapidly  accderated  to 
470  eV,  generate  a  beam  entreat  ranging  from  0.1  to  9.0  mA. 
The  comparison  is  carried  out  ml  and  3  kG  magnetic  fields. 
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Fig  1 

Energy  spread  AW^  for  the  oxide  ibennocatbode,  versus  the 
loiviludiiid  ooordimiB  z  at  varioas  beam  carrmts:  9.0  mA. 
2-  6.4  mA.  3-  3.2  mA,  4-  1.6  mA,  5-  100  (lA  and  fot 
difieieat  values  of  magnetic  field:  a)  B»\  kG,  b)  B*3  kG.  In 
al^daaesisllMTOeV. 

It  is  evident  that  the  stronger  the  magnetic  field  the  higbK 
the  dano{dag  of  the  transvmse-kmgituiUnal  relaxation.  Actually 
at  1  kG  AW||  remans  unchanged  only  for  the  100  tiA  current 
level,  instead  at  3  kG  it  does  not  change  for  current  levels  up 
to  3.2  mA. 

In  ^.2  the  energy  spreads  are  oonqnred  for  the  two  different 
sources  versus  the  current  density  /.  For  J->0,  when  any 
contribution  due  to  rdaxation  is  negligible,  the  energy  spread 
recorded  for  the  photocaihode  is  lower. 

While  increasing  current  the  transverse-longitudinal 
rdaxation  occurs  and  tbe  benefit  provided  by  pbotocathode  is 
fully  lost 


Fig.  2 

Qiergy  spread  AW  versus  beam  current  density  for  (•«■) 
thermo-  and  (•)  photo-cathode  at  1  kG  magnetic  field  for  fast 
aoceletaiioo. 


d  UrngUydiaal-longituduial  relaxtttkm  and  adiabatic 
acoderadoa 

b  ^3  the  measureasent  erf  the  time  taken  by  the  electron 
beantt  to  develop  tbe  relaxatioo  is  rqiorted.  Herewith  it  is 
shown  the  ener^  quead  AEn  versus  tbe  flight  time,  both 
value  ate  normalized  to  the  average  electrostatic  energy  and  the 
idasma  period  reqiectivdy. 


Fig.  3 

Experimental  trend  of  normalized  longitudinal  electron 
enmgy  spread  AEnversus  time  after  ^  &st  acoektation  for  tbe 


oxide  tbermocathode;  7-300  ]iA,  6^=800  eV.  ns3.73-10^  cm'^, 
71=3  kG. 

This  measurement  confirms  the  assumption  of  tbe  plasma 
pmiod  like  relaxation  time.  Tbe  differences  on  tbe  energy 
spread  between  fast  and  adiabatic  acceleration  is  demonstrated 
in  fig.4.  Tbe  initial  difference  at  tbe  adiabatic  section  end  is 
due  to  tbe  longitudinal-longitudinal  rdaxadon.  Then  along  tbe 
z  axis  tbe  beam  eqtniences  tbe  transverse-longitudinal  one. 


Fig.4 

Normalized  energy  q»ead  AEf/e^  ^  ^or  tbe  tbomocatbode 
versus  axial  z  coordinate  trfter  t  and  (2)  adiabatic 
acceleration;  Wa470  eV,  7=200 
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raHritef  ta  •  fMm  iacnaae  of  the  qpnad.  Tbis  laner  can  be 
oaty  ooavcMMed  by  a  airaater  field. 

AneadUiBg  a  pbotocatbode  aad  IB  adidwtic  aoodeiatkHi 
sfaoidll  be  OtMliliOd* 

tO  PkuHnponKHUer 

CoBsideriag  electrao  bera  at  a  opc-ooaipooent  p*«*«w 
oenflaedby  tbe  fiKuiiig  foioes  of  tbe  aooeknior  de^oe,  its 
macroscopic  behavior  may  be  described  by  tbe  plasma 
paBBBBeier  r(faiio  between  imeipvticle  Coulomb  eneiiy  and 
aversfe  IdaeOc  eaagy).  To  measure  A  we  need  to  know  tbe 
pardek  density  a,  computaUe  by  the  cunent  measured  in  tbe 
collecior,  and  AEn  in  the  rest  frame  of  tbe  beam  con^taUe 
by  the  equafion  (1).  bi  fig.S  is  rqiotted  the  Pf  parameter  for 
tet  and  adiabaiic  aooeieaiion  [6]. 

Only  with  a  pbotocaibode  in  an  adiabatic  acceleration 
structure  is  poss^  to  reach  a  Tf  values  greater  than  1,  diat  is 
the  first  eagniimental  evidence  for  an  eketron  beam. 

Sqierimposing  this  cold  electron  beam  on  an  km  beams,  it 
shoi^  be  possibk  to  obtain  much  ctdder  ion  beams. 


Plasma  parameter  as  a  function  of  current  densities  for 
(•f )  fast  and  (•)  adiabatic  acceleratioo  with  11«3  kG  and 
W-900eV. 

Hg.6  shows  the  behavior  for  fast  and  adidMtk  accekratioo 
of  beams  from  the  activueu  GaAs.  At  low  densities  tbe  AWn 
is  lower  for  the  adiabatic  case,  wbik  increasing  tbe  curmit  tlic 
Boersch  effect  is  dominating.  Then  the  adiabatic  acoderaiion 
seems  disadvantageous  for  high  current  beams,  unless  tbe 
magnetic  fidd  is  adequately  strong. 


Ixagitudhial  energy  spttaA  AW^  for  the  pbotocatbode  versus 
collector  current  /  at  Ws;900  eV  and  kG:  /•  Fast 
aoederadon  2- Adiabadc  acceleration. 

in.  CONCLUSIONS 

Ibis  pqier  has  examined  tbe  differences  between  a  thermo- 
and  a  photo-cathode  in  fast  atxl  adiabatic  accektadon  cases. 
Tbe  b^t  performartce  of  a  continuous  electrtm  beams  is 
allowed  by  a  pboioemission  source,  which  provides  a  'cold' 
beam,  an  adequately  magnetic  field,  which  countreacts  the 
transverse-longitudinal  energy  transfer,  and  an  adiabatic 
acceleration  structure,  which  damps  tbe  longitudinal- 
longitndiiial  relaxation.  Tbe  maximum  value  of  r/teadneA  is 
an  important  stqi  towuds  the  imiuovement  of  dectron 
cooling  tedinique  and  perhaps  some  hopes  for  ion  beam 
crystallization. 
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Ahainet 

Beam  breakup  (BBU)  inatabilitiea  in  auperctuiducting 
linaca  are  a  aignificant  iaaue  due  to  the  potentially  high 
Q  valuea  of  the  cavity  higher  order  modea  (HOMa).  The 
CEBAF  accelerator,  which  employa  high  CW  current  and 
S-paaa  recirculation  through  two  aupereonducting  linaca, 
poaea  unique  inatability  problems.  An  experimental  inves¬ 
tigation  of  multipaas  BBU  along  with  energy  recovery  has 
been  completed  using  a  single  recirculation  through  the 
CEBAF  iqjector  linac.  Experimental  results  are  compared 
with  computer  aimulatimi  of  multipass  BBU. 

I.  Introduction 

Multipass  BBU  is  characteriMd  by  a  maximum  current 
(threshold  current)  above  which  beam  Iom  occtm.  Hie 
threshold  current  is  the  maximum  average  current  at  whidi 
the  power  deposited  by  the  beam  into  the  HOM  equals  the 
power  diasipsted  by  the  HOM  through  resistive  losses.  The 
threshold  curroit  for  the  most  unstable  mode  is  the  maxi¬ 
mum  beam  current  that  can  be  accelerated  without  beam 
loss.  The  HOM  Q  parameteriaes  the  mode  losses  and  can 
be  the  same  order  of  magnitude  as  the  fundamental  mode 
Q  (10*-10*®).  The  CEBAF/Comell  cavity  design  incorpo¬ 
rates  HOM  damping  thereby  reducing  HOM  Q  values  to 
the  range  10^-10*  [1].  As  a  result,  BBU  threshold  currents 
for  the  full  CEBAF  linac  are  calculated  to  be  between  10 
and  20  mA  [2]-two  orders  of  magnitude  above  the  maxi¬ 
mum  design  current  of  200  /lA. 

The  CEBAF/Comell  cavity  design  was  tested  under  the 
conditions  of  both  acceleration  and  energy  recovery  of  the 
second-pass  beam  in  the  CEBAF  iqjector.  The  iqjector  of¬ 
fered  worst-case  conditions  (lowest  threshold  currents)  for 
multipass  beam  breakup  because  of  the  low  iqjection  en¬ 
ergy  of  5.5  MeV  (as  opposed  to  the  nominal  45  MeV  for 
the  full  CEBAF  linac),  the  ability  to  produce  in  excess  of 
200  pA  CW  current,  and  the  ability  to  change  the  trans¬ 
verse  optics  of  the  recirculation  path  to  lower  the  thresh¬ 
old  current.  The  fact  that  no  evidence  for  multipaas  beam 
breakup  was  experimentally  observed  for  both  second-pass 
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acceleration  and  energy  recovery  under  these-worst  case 
conditions  indicates  that  the  HOM  damping  incorporated 
in  the  CEBAF/Comell  cavity  design  is  entirely  adequate 
to  prevent  multipaas  BBU  in  the  full  CEBAF  linac. 

II.  Recirculator  Description 

Figure  1  shows  schematically  the  CEBAF  iqjector  linac  in¬ 
cluding  the  beam  recirculation  path.  The  linac  consists  of 
two  cryomodules  Cl  and  C2,  each  containing  eight  5-cell, 
1497  MHs  supercmiducting  cavities.  The  beam  is  injected 
into  the  linac  at  5.5  MeV  and  accelerated  to  42.8  MeV  af¬ 
ter  C2.  The  beam  is  bent  180*  by  Bl,  travels  to  B2  where 
it  is  bent  by  another  180*  and  arrives  back  on  the  linac 
axis.  Finally  it  is  combined  with  the  iqjected  beam  on 
the  linac  by  iqjection  chicane  IC  and  is  either  acceler¬ 
ated  to  80  MeV  and  dumped  at  D1  or  decelerated  to  5.5 
MeV  and  dumped  at  D2  after  the  energy  recovery  chicane 
EC,  which  separates  the  first-pass  accelerated  beam  from 
the  low-energy  second-pass  beam.  Path  length  adjustment 
was  accomplished  by  mounting  Bl  on  a  movable  platform 
which  could  be  translated  along  the  linM  axis  by  ~  10  cm 
(1/2  of  an  RF  wavelength  at  1497  MHz). 

III.  Transverse  Optics 

The  recirculation  arc  transverse  optics  provided  both 
di^>ernon-free  beam  transport  and  independent  adjust¬ 
ment  of  both  z  and  y  plane  optics.  Bl  and  B2  were  de¬ 
signed  to  be  doubly  achromatic  in  the  horizontal  plane. 
Two  quadrapoles  per  bend  (QBs)  were  used  to  set  the 
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diqpenioii  and  ita  dope  to  aero  after  the  bend.  Doublets 
QDBl  and  QDB2  were  used  to  match  the  beam  out  of  B1 
and  into  B2  req>ectively.  The  six  quadrup<des  QD  and 
QF  flwmed  a  FODO  structure  that  was  adjusted  to  pro¬ 
vide  various  (^tical  settings.  As  the  six  quadrupoles  were 
varied  the  optics  of  the  rest  of  the  cedrculator  was  left 
unchanged  during  the  experiment.  Setting  1  was  simply  a 
negative  identity  matrix  (-1)  transfer  in  both  z  and  y  planes 
across  the  FODO  array.  For  settings  2-4  the  y  plane  op¬ 
tics  was  changed  and  the  x  plane  was  kept  at  -I.  ^ttings  5 
and  6  were  a^eved  by  reversing  the  polarity  of  the  quads 
for  settings  1  and  2,  which  resulted  in  x  being  varied  and 
y  remaining  -I.  The  energy  recovery  setting  was  identical 
to  setting  1  except  that  doublet  QDB2  was  re-adjusted  to 
provide  the  smallest  beam  spot  possible  at  D2. 

Calculations  of  the  transverse  optics  were  performed  us¬ 
ing  the  code  dimao.  Beam  transport  calculations  were 
performed  for  all  optical  settings  including  energy  recov¬ 
ery.  In  addition,  quadrupole  strengths  of  doublets  QDBl 
and  QDB2  were  fit  to  measurements  of  the  Mu  and  Ma4 
matrix  dements  measured  before  Cl,  between  Cl  and  C2 
and  after  C2  for  eadi  optical  setting.  A  cavity  model  was 
incorporated  into  dimao  (and  the  BBU  code  tdbbu  [2]) 
which  included  the  cavity  focussing  by  the  fondamentai 
accelerating  mode  at  low  energy.  The  calculations  did  not 
take  into  account  the  small  x-y  coupling  observed  at  the 
low  energies  in  the  iigector  [3]. 

IV.  Energy  Recovery 

Superconducting  cavities  have  the  advantange  that  high 
gradients  can  be  maintained  under  CW  operating  condi- 
tkms  because  of  low  wall  losses.  If  a  beam  is  decelerated, 
eflBcient  conversion  of  beam  energy  to  fundamental  mode 
field  energy  is  possible.  Energy  recovery  of  a  FEL  beam 
driven  by  a  superconducting  linac  by  means  of  recircular 
tion  is  a  possible  way  of  greatly  increasing  the  efficiency 
of  the  laser  since  most  of  the  beam  energy  remains  after 
lasing  occurs  [4].  The  CEBAF  energy  recovery  experiment 
extended  previous  experiments  [5],  [6],  [7]  to  the  relatively 
high  gradients  (5  MV/m)  of  CEBAF  cavities.  In  the  ex¬ 
periment,  the  second  pass  beam  was  decelerated  to  5.5 
MeV  (at  up  to  30  ftA  CW  current)  indicating  full  energy 
recovery  within  the  1.8%  energy  measurement  uncertainty. 

V.  Beam  Breakup  Simulations 


Table  2:  Threshold  current  and  maximum  beam  current 
adtrined  for  each  optical  setting. 

The  beam  breakup  simulations  were  performed  using  the 
code  TDBBU  for  all  optical  settings  including  energy  recov¬ 
ery.  The  cavity  HOMs  were  treated  as  high  Q  uncoupled 
resonators  with  a  strength  given  by  the  shunt  impedance 
R/Q.  These  modes  defiect  the  beam  in  either  the  x  or  y 
plane.  Table  1  lists  parameters  of  the  HOMs  used  in  the 
simulations;  the  asterisk  indicates  the  Q  values  for  these 
modes  come  from  RF  measurements  described  in  the  next 
section.  Reference  [1]  lists  the  shunt  impedance  in  terms  of 
the  parameter  Z'\  wfoch  is  given  by  R/Q  =  (Z''/Q){lt/k^) 
where  k  is  the  HOM  wavenumber  and  I,  is  the  effective 
length  of  the  HOM  in  the  cavity  (0.5  m).  Finally,  the  code 
uses  the  first-order  transfer  matrix  describing  the  recircu¬ 
lation  path  from  the  end  of  C2  to  the  beginning  of  Cl  as 
computed  using  DIM  ad. 

Table  2  lists  the  threshold  current  A  computed  for  each 
optics  setting  along  with  the  maximum  CW  current  Jm 
a^eved  in  the  experiment.  Similar  BBU  calculations  for 
the  foil  CEBAF  linac  indicate  threshold  currents  in  the 
range  10-20  mA  [2]  so  that  the  iiyector  recirculator  b  cal¬ 
culated  to  be  more  sensitive  to  multipass  BBU  by  a  factor 
of  2  in  the  thresht^d  current.  For  setting  1,  over  200  pA 
CW  was  recirculated.  Thu  b  the  CEBAF  maximum  de¬ 
sign  current,  but  b  still  an  ord«r  of  magnitude  below  the 
calculated  threshold  current  for  setting  1.  The  energy  re¬ 
covery  setting  b  seen  to  have  the  lowest  calculated  thresh¬ 
old  current  due  to  large  recirculation  transfer  matrix  ele¬ 
ments.  Beam  current  was  primarily  limited  by  large  beam 
sizes  on  the  second  pass  (with  energy  recovery  having  the 
largest)  that  resulted  in  scraping.  The  beam  loss  monitor¬ 
ing  system  shut  the  beam  off  when  approximately  1  pA  of 
scraping  occurred. 

VI.  RF  Measurements 

An  additional  experiment  was  performed  to  externally  ex¬ 
cite  the  HOMs  using  an  RF  kicker  that  deflected  the  beam 
transversely.  Figure  2  shows  schematically  the  RF  HOM 
measurement  that  was  performed  using  a  recirculated  CW 
beam.  A  broadband  stripline  kicker  operating  between  350 
and  650  MHz  was  used  to  deflect  the  beam  transversely. 
Signab  at  a  particular  HOM  frequency  were  detected  using 
the  last  cavity  of  C2.  Aliasing  of  the  kicker  signal  by  the 
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Network  Analyzer 


Figure  2:  RF  HOM  measurement  schematic. 


2110  MBs)  the  height  of  the  peak  was  plotted  as  a  function 
of  the  beam  currait  /  f<Mr  all  optical  settinp  including  eu- 
ergy  recovery.  No  signifleant  deviation  from  linearity  was 
observed-a  result  consistent  with  the  cennputed  thrahold 
currents  in  table  2. 

VII.  Conclusions 

Ftom  experimental  and  simulation  results,  multipass  BBU 
did  not  prevent  high-current  opoation  of  the  iiyector  re¬ 
circulator.  The  main  limitaikm  <»  recirculated  current 
was  scraping,  primarily  due  to  non-ideal  matching  of  the 
second-pass  beam  out  of  B2.  The  results  indicate  that  the 
fiill  CEBAF  linac  should  not  be  susceptible  to  multipass 
beam  breakup  at  the  maximum  design  current  of  200  /iA. 
An  FEL  driven  by  a  linac  that  uses  energy  recovery  to 
increase  efficiency  would  need  to  incorporate  careful  op¬ 
tical  design  aimed  at  reducing  second-pass  spot  sizes  and 
increasing  multipass  BBU  threshold  currents. 


Figure  3:  1899  MHz  HOM  at  99  /lA  CW  beam  current. 


bunching  frequency  insured  that  ROMs  near  2  GHz  were 
excited.  Under  recirculaticm  conditions  the  cavity  signal 
Ve  is  given  in  terms  of  the  kicker  drive  signal  14  by 


Veju,)  IZ(w) 

V4(w)  “  1  -  7//t 


(1) 


where  Z{u)  is  the  total  transverse  impedance  due  to  all 
the  cavity  HOMs  and  ^  is  an  overall  scale  factor.  The  for¬ 
mula  shows  instability  occurring  at  a  particular  threshold 
current.  Far  from  threshold  for  a  particular  HOM,  the  rar 
in  equati<Hi  1  is  simply  a  linear  function  of  the  current 
with  the  slope  proportional  to  the  mode  impedance. 

Figure  3  shows  the  1899  MHz  HOM  measured  using  the 
setup  in  figure  2.  The  network  analyzer  was  set  up  to 
measure  S31  (the  ratio  in  equation  1)  where  port  1  was 
used  to  drive  the  kicker  and  port  2  was  used  to  detect 
the  cavity  signal.  For  both  HOMs  measured  (at  1899  and 
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Ahsiraet 

The  computet  code  has  been  developed  to  study  both 
longitudinal  and  txansvetse  mictowave  instability  pioLlems 
of  an  intense  beam  in  synchiottons  and  storage  tings.  The 
mactopatticle  method  and  impedance  beam-envitonment 
interaction  ate  used  in  simulation.  The  beam  dynamics 
have  been  explored  for  the  Moscow  Meson  Factory  (MMF) 
storage  ring  at  slow  extraction  operation  mode  (SEM). 
Some  results  of  the  numerical  simulation  ate  presented. 

I  INTRODUCTION 


The  slow  extraction  mode  of  the  MMF  proton  storage 
ring  was  designed  to  transform  the  bunched  beam  structure 
during  lOO^s  accelerator  macroimpulse  to  uniform  beam 
ejected  between  two  successive  macroimpulses  9.9ms) 
[!]• 

For  SEM  the  ring  and  beam  parameters  are  [3]: 


total  intensity 
average  current 
relativistic  parameters 
linac  rf  frequency 
total  momentum  spread 
transition  energy 
momentum  slip  factor 
chromaticity 
revolution  period 
betatron  tunes 


3.12  •  lO^^ppp 
11.3  A 

P  =  0.792  7  =  1.639 
frf  =  198.2  MHz 
0.002 
7»,  =  1.720 

1,0  =(1/7?, -1/7")  =  -0.35. 
i  =  -0.534 
Tr  »  450ns 

Q,  =  1.875  Q,  =  1.915 


10 
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In  the  present  case  the  nominal  particle  energy  is  be¬ 
low  the  transition  energy.  Therefore  the  capacitive  be¬ 
haviour  of  the  beam-  storage  ring  interaction  in  the  smooth 
vacuum  chamber  is  expected.  But  with  the  space  charge 
dominated  impedance  the  stability  of  the  particle  motion 
might  be  a  problem.  However  due  to  operation  near  tran¬ 
sition  energy  it  could  be  achieved  sufficiently  long  growth 
time  for  the  instabilities. 


II  SIMULATION  MODEL 

Because  the  changes  of  the  transverse  particle  para¬ 
meters  are  faster  then  of  longitudinal  ones  the  longitudinal 
dynamics  has  been  taken  as  basic.  The  tracking  procedure 
used  for  longitudinal  motion  simulation  for  the  MMF  sto¬ 
rage  ring  was  described  in  ref.  [2]. 

In  betatron  phase  space  {xfi;xp)  the  particle  motion 
is  governed  by  differential  equation  [4]: 

Xp  +  <f>Xf,  =  (1) 

17107 

=  Qoaio(l  -  t)  +  W(f  (2) 


here  xp  and  xp  =  dxpfdt  are  the  transverse  particle  coor¬ 
dinate  and  velocity  with  respect  to  the  equUbrium  orbit; 
Qo  i»  Q.  or  Q,;  uq  =  2t/T,:  f  =  vidp/p);  U(  =  Qouo(/r)o. 
Induced  electromagnetic  force  is  defined  [4] 

ZtrHS,r{w,  0)e^*<L,  (3) 

Ztr(t^)  =  +  ZtTTw(*^)  +  ^«tw(w)  (4) 

Here  ZtTMc,  Ztrrw,ZtrU  are  the  transverse  space  charge,  re¬ 
sistive  wall  and  broad  band  impedances  defined  by  stan¬ 
dard  formulas  [4].  And  Str  is  Fourier  spectrum  of  the 
transverse  dipole-moment  current.  Appling  the  macropar¬ 
ticle  beam  representation  and  the  binning  technique  which 
has  been  used  for  longitudinal  dynamics  simulation  all 
spectrum  amplitudes  of  Str  can  be  determined.  Due  to 
computer  capability  only  horisontal  traiuverse  motion  was 
studied. 

The  model  parameters  are:  the  total  number  of 
macroparticles  N  80000,  the  broad  band  shunt  resis¬ 
tance  Rthfnr  =  SOD  and  the  other  parameters  are  the 
same  which  were  used  for  longitudinal  dynamics  simulation 
(2). 

To  estimate  the  growth  time  for  unstable  harmonics 
the  spline  approximation  for  the  macroparticle  momentum 
distribution  and  then  the  dispersion  integral  calculation  [4] 
were  carried  out. 

Ill  SIMULATION  RESULTS 

A  Longitudinal  Dynamics 

In  fig.l  the  normalised  momentum  distribution  func¬ 
tion  is  shown  at  the  end  of  injection  (113/is)  and  during 
circulation  {165fis  and  2l5iis).  For  total  stored  beam  in¬ 
tensity  at  the  begining  of  circulation  a  lot  of  longitudi¬ 
nal  density  harmonics  close  to  mTrfrf  ^  89m,  where  m 
is  integer,  have  essential  growth.  The  theoretical  growth 
time  for  these  harmonics  is  30 .  ■ .  100/is.  At  the  end  of  in¬ 
jection  the  momentum  spread  is  insufficient  to  suppress 
the  microwave  instability  by  Landau  damping.  During 
injection  the  change  of  the  momentum  distribution  func¬ 
tion  is  negligible,  but  further  the  low  energy  tail  of  the 
momentum  distribution  function  is  developed  drasticly. 
That  turns  on  effectively  the  Landau  damping  and  leads 
to  saturation  of  amplitude  growth  for  unstable  harmo¬ 
nics.  For  stabilisation  the  small  number  of  particles  is 
needed  in  the  momentum  tail  for  low  energy  intense  beams 
with  space  charge  dominated  impedance  [5].  In  our  si¬ 
mulation  the  saturation  times  for  unstable  harmonics  are 
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50 •  '-BOfu.  Fttstkct  all  hanaoBici  which  hare  had  the  e«> 
MVkiat  gxowlh  an  dashed.  UafMtaaetly  the  ring  deeiga 
paiaoMten  natekt  the  moanatan  detiatioa  oa  the  valae 
(A]l/j»)  =e  —0.75  ■  10~’.  That  caa  caoM  the  loeee  of  the 
paitides  with  lowest  eaetgy  if  the  Laadau  dam^g  will  be 
weak  to  snppieas  the  oastable  hanaoaica. 

Siace  foi  simalatioB  the  oTet^pessimistic  value  foe 
broad  baad  shaat  leautaace  was  chosea  it  has  beea  made 
the  growth  tuae  calcnlatioa  for  oastable  harmooics  for 
Rtk/nr  =:  50  expected  for  MMF  storage  tiag.  The  particle 
momeatum  distribotioa  fuactioa  which  has  beea  resulted 
from  simulatioB  before  beam  loses  (curve  for  215/is  ia  fig.l) 
was  used.  The  growth  times  calculated  are  greater  thaa 
20ms.  Ia  fig.2  the  iastability  curve  with  growth  time  24ms 
aad  operatioa  impedaace  for  asimuthal  harmoaic  n  =  267 
are  showa.  For  expected  riag  impedaace  parameters  the 
simulatioa  results  have  showa  the  possibility  to  avoid  beam 
loses  due  to  the  loagitudiaal  microwave  iastability  because 
of  the  characteristic  times  the  particles  reach  the  wall  are 
much  more  the  extractioa  time.  Moreover,  beam  stored 
curxeat  drops  liaeatly  with  time. 

B  Transverse  Dynamics 

la  fig.4  the  aormalised  betatron  amplitude  distribu¬ 
tion,  the  betatron  phase  space  projection  and  view  of  the 
betatron  particle  distribution  fanction  are  shown.  Here 
X  =  x^;x,  =  ifi/Qauo\A,  =  +  x|.  It  is  evidence 

that  during  total  stored  beam  circulation  there  is  rebuil¬ 
ding  of  the  particle  distribution  function  which  causes  the 
global  changes  of  the  Fourier  spectrum  of  the  transverse 
dipole-moment  current.  The  beam  sise  increasing  due  to 
the  process  mentioned  above  is  not  dramatic  and  can  be 
considered  as  small  addition  to  beam  sise  growth  due  to 
changes  of  the  momentum  distribution  function. 

The  growth  time  calculated  for  more  dugerous  low 
frequency  harmonic  n=2  by  standard  theory  [4]  is  ~  1ms 
at  the  end  of  injection  (113ps)  and  ~  1.6ms  at  the  end 
of  simulation  (215ps).  Therefore  it  may  be  expected  there 
will  not  problem  with  transverse  stability  in  the  low  fre¬ 
quency  range  for  SEM  storage  ring  operation.  However  if 
Tf  —*0  the  threshold  values  for  transverse  impedance  will  be 
slightly  differ  for  any  harmonics  of  the  dipole-moment  cur¬ 
rent.  It  means  the  Landau  damping  is  not  effective  for  that 
harmonic  which  has  the  large  value  of  ReZtr-  Because  the 
great  shunt  resistance  of  broad  band  impedance  was  cho¬ 
sen  for  simulation  the  growth  time  for  high  frequency  har¬ 
monics  is  less  the  one  for  the  low  frequency  range.  In  iig.3 
instability  curve  with  growth  time  33ps  and  the  impedaace 
parameters  are  shown  for  harmonic  n=450.  That  situation 
is  dangerous  and  caa  result  in  the  transverse  beam  blow-up 
on  high  frequency  range  for  storage  rings  working  in  quasi- 
isochionous  mode.  However,  taking  into  consideration  the 
over-pessimistic  value  of  the  broad  band  shunt  resistance, 
the  dependence  of  the  particle  betatron  frequency  (2)  from 
betatron  amplitude  and  the  possibility  to  change  the  ring 
chromaticity  the  growth  time  for  high  frequency  harmonics 
may  be  done  greater  the  calculated  above. 


Figure  1:  The  change  of  momentum  distribution. 


Figure  2:  Longitudinal  instability  diagram  for  n=267. 


Figure  3:  Transverse  instability  diagram  for  n=450. 
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Aitiraei 

The  potential  longitudinal  inatabilities  and  their  control 
in  the  SSC  Low  Energy  Booetn  are  examined.  Coasting 
beam  theory  shows  there  is  a  chance  for  microwave  instabil¬ 
ities  at  the  end  of  the  acceleration  period  for  the  maximum 
design  current  of  0.5  Adc.  The  beam  is  stable  to  microwave 
instabilities  for  the  Collider  fill  current  of  0.1  Adc.  Single 
bunch  instabilities  driven  by  the  RF  cavity  accelerating 
mode  will  be  stabilised  by  beam  phase,  voltage  amplitude, 
tuner  bias  and  RF  feedback  loops.  The  coupled  bunch  in¬ 
stabilities  driven  by  the  cavities'  higher  order  modes  ‘md 
other  resonant  structures  appear  to  represent  the  biggest 
challenge  to  longitudinal  sterility.  A  broadband  passive 
damper  on  each  RF  cavity  will  greatly  decrease  the  chance 
of  any  coupled  bunch  instabilities  although  other  options 
to  ai  l  the  damper  are  investigated.  The  control  of  longitu¬ 
dinal  instabilities  in  the  LEB  appears  feasible  and  should 
not  limit  its  operation  up  to  the  peak  design  intensities. 

I.  INTRODUCTION 

The  SSC  Low  Energy  Booster  (LEB)  is  the  first  of  three 
booster  synchrotrons  which  supply  the  proton  beam  to  the 
Collider.  The  LEB  is  a  resonant,  r^id  cycling  (10  Hi)  ma¬ 
chine  with  114  bunches  spaced  5  m  apait[l,  2].  It  will  boost 
a  maximum  beam  current  of  0.5  Adc,  five  times  Collider  fill 
mode,  from  600  MeV  to  11  GeV.  Six  to  fourteen  quarter- 
wave  ferrite  tuned  cavities,  tuning  from  47.5  to  59.8  MBs, 
will  supply  a  peak  ting  voltage  of  765  kV[3,  4]. 

The  potential  longitudinal  intabilities  and  their  con¬ 
trol  are  investigated  here  for  the  LEB.  First,  coast¬ 
ing  beam  instabilities,  which  are  associated  with  broad¬ 
band  impedances  are  discussed.  Then  single  bunch  in¬ 
stabilities,  which  are  caused  by  the  RF  cavity  acceler- 
ating/fundamratal  mode,  are  covered.  Finally,  coupled 
bunch  instabilities  (CBI)  which  are  driven  by  the  RF  cav¬ 
ity  higher  order  modes  (HOM)  and  other  narrow  band 
impedances,  are  discussed.  A  weak  instability  may  star 
bilise  due  to  nonlinear  effects  and  short  interaction  times. 
Thus  its  only  effect  would  be  to  increase  the  longitudi¬ 
nal  emittance  which  would  be  beneficial  because  it  would 
simplify  matching  to  the  medium  energy  booster  at  ex¬ 
traction.  If  the  instability  is  strong  enough  to  cause  beam 
loss  or  couples  to  the  transverse  direction  then  it  will  be 
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necessary  to  damp  the  perturbation. 

II.  COASTING  BEAM 

Ck>asting-beam  theory  is  used  to  predict  the  maximum  al¬ 
lowable  broadband  impedance,  Z^/n.  Coasting  beam  the¬ 
ory  is  derived  for  a  totally  debunched  beam,  although  it 
has  been  shown  to  be  applicable  for  a  bunched  beam  pro¬ 
vided  the  perturbation  has  many  periods  within  a  bunch. 
For  the  LEB  this  implies  the  perturbation  index,  n,  is  much 
greater  than  the  harmonic  number  and  that  the  instability 
would  occur  at  frequencies  above  1  GHz  (ie.  microwave 
instabilities).  Fig.  1  shows  the  threshold  Zi,/n  given  by  the 
Keil-Schnell  criterion  during  the  50  ms  beam  acceleration 
for  0.5  Adc.  With  the  use  of  shielded  bellows,  shielded 
pumping  ports  and  smooth  tapers  at  beam  pipe  transi¬ 
tions  the  total  Zc/n  of  the  LEB  is  predicted  to  be  less 
than  ~  112.  This  shows  there  is  a  possibility  for  microwave 
instabilities  in  the  second  half  of  the  acceleration  period. 
The  growth  rate  would  be  fairly  small  and  a  large  bucket 
is  available  latter  in  the  cycle,  so  the  only  affect  anticipated 
would  be  an  incireased  longitudinal  onittance. 

III.  SINGLE  BUNCH 

There  will  be  many  RF  control  loops  available  to  han¬ 
dle  Robinson-type  single  bunch  instabilities  in  the  LEB[5]. 
These  instabilities  are  driven  by  the  RF  cavity  accelerating 
mode.  The  control  loops  planned  are:  beam  phase,  voltage 
amplitude,  tuner  bias,  and  RF  feedback.  Since  all  of  the 
RF  buckets  are  equally  filled,  beam  current  feedforward 
will  not  improve  beam  loading  transients.  If  necessary,  a 
peak  bunch  density  loop  can  also  be  implemented  to  con¬ 
trol  bunch  length  oscillations.  For  stable  operation  with 
these  loops,  the  gap  voltage,  Vgcp,  must  satisfy [6]; 

where  R,k  =:  100kl2  is  the  cavity  shunt  impedance,  =  1 
Aac  is  the  AC  beam  current,  and  H  is  the  RF  feedback 
open  loop  gain.  This  gives  Vfap(kV)  >  j0/(1  -f  H)  which 
means  operating  voltages  above  50  kV  do  not  require  any 
RF  feedback.  The  design  RF  feedback  loop  will  easily  have 
an  ^  =  10  -  20  which  implies  operating  voltages  above  5 
kV  will  be  stable.  Before  a  voltage  this  low  is  reached  mul- 
tipactoring  will  have  made  it  necessary  to  counter-phase 
the  cavities  at  higher  voltages.  Thus  the  RF  control  loops 
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A.  PASSIVE  SYSTEMS 


Figure  1.  Allowable  broadband  impedance  during  LEB 
cycle. 


should  not  have  any  trouble  controlling  the  Robinson-type 
single  bunch  instabilities. 

IV.  COUPLED  BUNCH 

An  analysis  of  CBI  in  the  LEB  due  to  narrowband  reso¬ 
nances  of  the  cavity  HOMs  and  other  resonant  structures 
(irti^fion  extraction  chrunbers  for  example)  predicts 
the  maximum  allowed  R,h  versus  frequency  for  four  e- 
foldings  growth  of  the  instability [7].  Instability  due  to  the 
cavity’s  fundamental  mode  will  not  be  a  problem  because 
the  cavity  bandwidth  is  much  less  than  the  revolution  fre¬ 
quency.  The  total  R,h  for  CBI  is  about  4ikn  for  the  m  =  1 
dipole  mode  at  120  MHz  and  increases  to  2SkQ  for  the 
m  =  5  mode  at  1  GHz.  HOMs  above  about  1  GHz  should 
not  be  a  problem  for  CBIs  since  the  cavity  ferrite  becomes 
lossy,  the  beam  current’s  spectrum  will  be  negligible,  and 
the  8  cm  beam  pipe  is  above  cutoff  to  longitudinal  modes 
above  2.9  GHz. 

For  a  given  frequency,  the  total  R,k  can  come  from  a  sin¬ 
gle  beamline  component  or  can  be  a  sum  of  components 
such  as  the  cavities.  For  an  undamped  cavity  the  Rth  of 
HOMs  will  be  similar  to  the  fundamental  value  of  1004:0 
which  clearly  is  a  problem.  Options  to  correct  the  cavities’ 
and  other  structures  resonances  will  be  addressed.  For  now 
the  cavities'  R,k  will  be  assumed  to  be  the  main  contrib¬ 
utor  to  CBIs  although  the  same  arguments  will  apply  to 
othei  resonant  structures. 

The  options  ibr  controlling  CBIs  can  be  categorized  as 
either  a  passive  or  2u:tive  system.  The  passive  systems  do 
not  require  any  instability  measurement  or  feedback  and 
the  options  are:  passive  dampers,  stagger  tuning  and  res¬ 
onance  hiding.  The  au:tive  systems  require  feedback  and 
possibly  measuring  the  instability,  and  the  options  are;  ac¬ 
tive  damper,  Landau  cavity,  subharmonic  cavity  and  beam 
blow-up.  If  a  passive  system  can  eliminate  the  CBIs  then 
obviously  it  would  be  preferable  to  an  active  system. 


Because  there  are  so  many  cavity  HOMs  from  120  MHz  up 
to  1  Gflz,  which  tune  with  the  fundamental  mode,  a  broad¬ 
band  damper  will  be  the  primary  method  of  controlling 
HOMs.  A  Smythe-type  broadband  damper  with  a  high- 
pass  filter  between  the  damping  cavity  and  water  cooled 
loads  has  been  designed[8,  9].  The  damper  is  predicted 
to  damp  a  single  cavity's  R,/,  to  less  than  6000  from  120 
MHz  to  500  MHz  and  maintains  R,k  to  low  enough  values 
above  500  MHz  that  high  frequency  CBIs  should  not  be 
unstable.  Thus  the  most  dangerous  HOMs  will  be  the  first 
two  at  about  120  and  190  MHz.  For  six  cavities  with  the 
cavities'  Ath  summing,  ail  CBIs  would  be  predicted  to  be 
stable.  If  more  cavities  are  necessary  (the  lattice  has  room 
for  16)  then  other  methods  of  damping  may  be  necessary 
for  the  first  two  HOMs.  If  the  CBI  occurs  at  a  specific 
frequency,  then  a  narrowband  damper  such  as  a  coupling 
loop  or  capacitive  plate  could  further  damp  the  mode. 

Stagger  Tuning  shifts  the  HOM  resonant  frequency  in 
each  cavity  so  they  do  not  overlap  thereby  decreasing  the 
total  R,k  at  a  given  frequency,  although  this  would  increase 
the  range  of  resonant  frequencies.  This  could  be  accom¬ 
plished  by  varying  the  cavity  dimensions.  The  shift  would 
need  to  be  more  than  the  mode’s  half  bandwidth  which  has 
been  broadened  by  the  damper.  For  the  120  MHz  HOM 
with  the  Smythe  damper  in  place  the  bandwidth  is  approx¬ 
imately  4  MHz  which  would  require  too  large  of  a  change  in 
cavity  dimension  to  be  useful.  Thus  stagger  tuning  would 
not  be  practical  when  the  Smythe  damper  is  used. 

Another  passive  method  of  eliminating  CBIs  is  to  re¬ 
move  the  resonance  by  not  allowing  the  HOM  frequency  to 
overlap  an  integer  of  the  revolution  frequency.  The  LEB 
revolution  frequency  is  about  0.5  MHz  which  is  much  less 
than  the  damped  HOM  bemdwidth  so  reson2uice  hiding  will 
not  work  for  the  LEB.  Also,  because  the  HOMs  tune  at  a 
different  rate  than  the  fundamental  they  will  cross  a  revo¬ 
lution  frequency  sometime  during  the  ramp. 

B.  ACTIVE  SYSTEMS 

An  active  dam,  would  measure  the  instability  and  coun¬ 
teract  its  growth  in  some  manner.  Thus  the  instability 
must  be  at  a  finite  level  for  an  active  damper  to  have  any 
effect.  The  instability  measurement  can  be  done  in  one  of 
two  ways.  In  the  first  method  the  beam  oscillations  are 
measured  directly  using  a  wall  current  monitor,  while  the 
second  method  will  measure  the  RF  which  is  driving  the 
instability. 

For  measurement  of  t!  e  beam  oscillations,  the  bunch-by¬ 
bunch  phase  and  peak  density  variation  will  be  measured 
using  a  wall  current  monitor.  This  will  tell  the  type  and 
magnitude  of  the  CBIs.  The  same  information  could  be 
obtained  from  a  Fourier  transform  of  the  beam  current. 
To  use  these  measurements  in  an  active  feedback  system 
there  will  need  to  be  a  one  turn  delay  circuit  whose  delay 
must  shift  with  the  RF  frequency.  For  a  narrow  bandwidth 
system  (100  kHz)  the  delay  circuit  error  must  be  less  than 
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2  lu  which  should  be  quite  easy,  while  a  wideband  system 
(30  MBs)  would  require  an  error  leas  than  8  ns. 

A  broadband  active  damper  would  be  needed  to  damp 
all  possible  unstable  CBIs.  This  would  require  a  separate 
cavity  with  up  to  30  MBs  bandwidth,  although  it  could  be 
at  high  frequency  such  as  300  MBz  and  would  not  need  to 
tune  with  the  RF.  If  the  BOM  frequency  driving  the  CBI 
is  known  then  a  narrow  band  cavity  (bandwidth  of  2ft)  or 
the  RF  cavity  itself  could  be  used  at  the  driving  frequency. 

For  measurement  of  the  RF  driving  the  instability,  the 
overall  active  damper  would  be  fairly  simple.  The  mea¬ 
sured  RF  would  be  fed  back  to  the  source  180**  out  of 
phase.  It  would  be  narrowband  since  the  RF  comes  from 
ROMs  in  the  cavity.  There  would  be  no  need  for  external 
timing  or  delay  circuits  and  the  measured  signal  is  contin¬ 
uous. 

Another  way  to  actively  damp  the  CBIs  would  be  to 
operate  the  LEB  RF  cavity’s  beam  phase  and  beam  am¬ 
plitude  loops  from  a  single  bunch  instead  of  the  average 
as  is  presently  envisaged.  This  would  damp  the  CBIs  on 
that  bunch  and  increase  the  synchrotron  frequency  spread 
between  bunches  thereby  breaking  up  the  coherence  of  the 
instability. 

A  subharmonic  cavity  operates  at  a  subharmonic  of  the 
main  RF  frequency.  This  causes  a  synchrotron  frequency 
shift  between  bunches  which  would  eliminate  the  coherence 
and  increase  the  Landau  damping  of  the  CBI[10].  A  sub¬ 
harmonic  cavity  would  operate  at  the  RF  frequency  shifted 
by  a  revolution  frequency.  This  small  shift  relative  to  the 
LEB  tuning  range  implies  an  extra  LEB  cavity  could  func¬ 
tion  as  the  subharmonic  cavity  although  it  would  not  lead 
to  any  acceleration.  Since  the  only  additional  hardware 
required  (if  tiiere  is  an  extra  LEB  cavity)  is  the  drive  fre¬ 
quency  and  amplitude  control  system  this  option  will  be 
made  available  on  the  LEB.  If  the  instability  occurs  during 
a  portion  of  the  accelerating  ramp  where  the  RF  voltage  is 
not  maximum  then  one  of  the  RF  cavities  in  use  could  be 
switched  to  subharmonic  operation  with  the  other  cavities 
compensating  for  it. 

A  Landau  cavity  works  by  applying  a  harmonic  of  the 
RF  to  the  bunches  to  increase  the  RF  non-linearity  seen 
by  the  bunches.  This  increases  the  synchrotron  frequency 
spread  and  therefore  the  Leuidau  damping.  The  Landau 
cavity  has  been  shown  to  work,  but  requires  voltages  com¬ 
parable  to  the  RF  and  must  tune  with  the  RF.  Thus  the 
Landau  cavity  would  be  as  much  of  an  engineering  chal¬ 
lenge  as  the  present  LEB  cavity.  If  a  Landau  cavity  oper¬ 
ated  over  only  part  of  the  tuning  ran|e  its  tuning  band¬ 
width  could  be  substantially  lower.  Due  to  the  complexity 
and  expense  of  an  additional  RF  system,  a  Landau  cavity 
will  not  be  designed  for  the  LEB. 

Finally,  it  should  be  noted  that  the  CBI  can  be  stabilized 
by  purposely  increasing  the  longitudinal  emittance  or  de¬ 
creasing  the  bucket  size  which  increases  the  Landau  damp¬ 
ing.  The  increased  emittance  could  be  caused  by  letting 
an  instability  grow  slowly,  driving  a  microwave  instability 
or  intentional  noise  in  the  phase  loop  for  example. 


V.  CONCLUSION 

The  different  types  of  longitudinal  instabilities  and  their 
control  have  been  investigated.  The  beam  is  stable  to  mi¬ 
crowave  instabilities  for  the  Collider  fill  intensities,  but  is 
unstable  for  peak  intensities  at  the  end  of  the  acceleration 
period.  This  instability  should  only  increase  the  longi¬ 
tudinal  emittance  which  is  beneficial  for  matching  to  the 
Medium  Energy  Boaster.  Robinson-type  single  bunch  in¬ 
stabilities  will  be  controlled  by  beam  phase,  voltage  am¬ 
plitude,  tuner  bias  and  RF  feedback  loops.  The  RF  cav¬ 
ity’s  ROMs  will  be  the  principal  source  of  coupled  bunch 
instabilities.  Coupled  bunch  instabilities  will  be  damped 
primarily  with  a  broadband  passive  damper  on  each  RF 
cavity.  This  will  stabilize  adl  modes  for  Collider  fill  intensi¬ 
ties.  For  peak  intensities  the  two  lowest  frequency  ROMs 
will  be  unstable  if  there  are  more  than  six  cavities.  This 
can  be  controlled  with  a  narrowband  passive  damper,  a 
subharmonic  cavity,  cavity  beam  phase  locked  to  a  single 
bunch  or  an  active  damper. 
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Abstract 

We  investigate  a  simulation  code  to  study  the  transverse 
dipole  mode  multibunch  instability  due  to  a  single  RF  cav¬ 
ity  and  the  resistive  wall  for  the  Superconducting  Super 
CoUider.  The  growth  time  calculated  from  our  code  agrees 
weU  with  analytical  calculations  (ZAP  code).  The  code 
can  be  used  for  studying  the  interplay  of  wake  field,  noise 
and  feedback  system,  i.e.  for  design  the  feedback  system. 

L  INTRODUCTION 

The  Superconducting  Super  CoUider  (SSC)  CoUider  wiU 
be  the  first  machine  operating  with  17424  bunches  of  pro¬ 
tons  separated  by  a  relatively  short  distance  [1],  5  m.  The 
bunches  are  iigected  from  the  High  Energy  Booster  (HEB) 
into  the  CoUider,  which  requires  eight  HEB  batches  to  fiU 
almost  symmetricaUy  (there  is  an  abort  gap)  one  of  its 
two  rings.  The  batches  are  ipjected  into  the  upper  and 
lower  ring  one  at  a  time.  To  iigect  one  batch  in  the  same 
ring  requires  approximately  515  s,  and  the  eight  batches 
are  iigected  in  approximately  1.14  h.  Therefore,  there  is  a 
great  deal  of  concern  about  possible  multibunch  instabili¬ 
ties  that  the  beam  might  suffer  during  this  time.  To  study 
the  transverse  dipole  mode  (rigid  motion)  multibunch  in- 
stabiUty,  a  computer  code  was  developed  to  calculate  the 
instability  growth  time  due  to  Positron-Electron  Project 
(PEP)  RF  cavity  and  resistive  waU  impedance.  The  re¬ 
sults  are  compared  with  the  analytical  approach,  and  the 
feedback  system  design  is  incorporated  to  control  this  in¬ 
stability. 

II.  TADIMMI  CODE  AND  RF-INSTABILITY 

Ignoring  the  possible  coupling  of  different  directions  in  the 
motion  ,  the  transverse  amplitude  of  motion,  V,  of  a  point¬ 
like  bunch  suffering  the  electromagnetic  wakefield  interac¬ 
tion,  ww,  can  be  described  by  the  differential  equation 

cPY/dt^  =  ww  ,  (1) 

where  up  is  the  free  angular  betatron  osciUation  freqiiency. 
For  simpUcity,  let  us  assume  the  foUowing:  there  is  a  single 
cavity  in  the  ring  where  there  is  a  point-like  interaction, 
the  ring  is  perfectly  Unear,  and  the  ring  has  M  equaUy  pair¬ 
spaced  bunches.  With  these  assumptions  the  short-range 
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wakefield  can  be  omitted,  and  the  long-range  wakefield  is 
given  by  the  Higher  Order  Modes  (HOM)  of  the  RF  cavity. 
Since  the  length  of  the  RF  cavity  is  usually  much  smaller 
than  the  betatron  wave  length,  the  betatron  phase  advance 
within  the  RF  cavity  can  be  ignored.  When  the  k-bunch 
passes  through  the  RF  cavity  for  n-l- 1  turn,  the  transverse 
position  does  not  change,  y’(k,n  -|- 1)  =  Y(k,n),  but  its 
momentum  is  changed  by  the  wakefield  of  the  RF  cavity. 
For  dipole  mode  wakefield,  the  change  in  the  transverse 
momentum  is 

y(fc,n-».l)  =  y(t,n)-|-^  2  f;D(i)y(J,m)W(5/c)  , 

(2) 

where  the  summation  is  carried  out  over  the  wakefield  left 
behind  for  all  the  previous  bunches  and  turns.  The  variable 
s  can  be  written  in  terms  of  the  space  between  bunches, 
Sg,  as  s  =  (i  —  J)Sb  +  (n  -  m)MSB,  where  (Je  -  /)  and 
(n  —  m)Af  represent  the  relative  bunch  and  turn  numbers. 
N  is  the  total  number  of  protons  in  the  bunch,  e  is  the 
proton  charge,  E  s  ym^c^,  c  is  the  speed  of  light,  m,  is 
the  rest  mass  of  the  particle,  and  W(s/c)  is  the  wake 
function  defined  as  [2] 

^y(s/c)  =  5^  Aa  exp(-aAs/c)  sin(RA</c)  ,  (3) 

A 

if  s  >  0,  and  it  is  equal  to  zero  otherwise.  The  vari¬ 
ables  A  a,  ota,  and  Da  are  defined  as  Aa  =  w\Rx/^xQx, 
ax  =  u>l2Qx,  aud  Da  =  wa>/1  -  1/4Q5,  respectively. 
The  summation  is  carried  out  over  all  the  transverse  HOM 
of  the  cavity.  Each  cavity-mode  is  characterized  by  the  res¬ 
onant  angular  frequency  ux,  the  shunt  impedance  Rx,  and 
the  resonant  quality  factor  Qx-  The  quantity  c/axSg  = 
2QxcIuxSb  gives  us  the  number  of  bunches  that  the  ex¬ 
ited  transverse  HOM  can  affect  before  it  decays  by  a  factor 
of  1/e.  The  factor  D(j),  0  <  D{j)  =  N{j)/N  <  1,  defines 
the  distribution  of  bunches  and  the  number  of  protons  per 
bunch.  The  bunch  is  transported  from  the  output  to  input 
of  the  RF  cavity  using  the  Courant-Snyder  [3]  map  and 
together  with  the  Eqs.  (2)  and  (3)  comprise  the  model  for 
simulating  transverse  multibunch  instabilities  in  the  com¬ 
puter  program  TADIMMI. 

A  358.9  MHz  PEP  cavity  will  be  taken  as  the  test  cavity. 
At  the  RF  location,  the  dispersion  function  is  zero,  and  the 
Courant-Snyder  puameters  have  the  following  values:  0  = 
112472.0  mm,  or  =  0,  and  /i  =  2Tfrac(i/)  =  1.759292.  The 
characteristics  of  the  bunches  ate  TV  =  7.5  x  10®,  M  = 
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17424,  E  =  2  TtV,  and  5s  =  $  m. 

The  calculated  growth  time  was  9  s  per  cavity.  This 
simulation  result  for  uniform  distribution  (D{j)  =  1) 
is  in  very  good  agreement  with  the  analytical  ^>proach 
(ZAP  [4]).  Studies  show  that  damping  several  danger¬ 
ous  rf-HOMs  of  the  cavity  is  not  enough  to  avoid  the 
instability.  One  way  to  control  the  multibunch  instabil¬ 
ities  rising  from  the  HOM  cavities  is  DE-Q  these  HOM. 
For  the  growth  time  to  be  higher  than  the  iigection  time, 
the  following  De-Q  quality  factor,  Qj,  for  cavities  is 
deduced:  Qi  <  4.8  x  10®  fi  m“^/  <  R±/Q  >  Ne,  where 
<  Ri./Q  >=  125  O/m,  Ne  =  32,  and  Qd  <  1200  for  the 
PEP  cavity  model. 

A  single  cell  normal  cavity  with  HOM-couplers  or  a  sin¬ 
gle  cell  superconducting  (sc)  cavity  with  couplers  [5]  can 
satisfy  this  restriction  to  a  large  extent.  Another  way  to 
control  multibunch  instabilities  is  to  use  an  active  system 
such  as  a  feedback  system  [6].  The  normal  operation  of 
the  transverse  feedback  system  is  to  have  a  beam  position 
monitor  (BPM)  that  measures  the  transverse  displacement 
of  the  bunch.  The  signal  is  amplified  and  transmitted  to 
the  kicker  (K),  located  downstream  at  a  phase  advance 
of  t/2,  which  produces  an  angular  deviation  to  the  btmch 
given  by  [7] 

Ay  =  g  (Ybpm  +  f>y)l\/0BPh40K  (4) 

where  g  is  the  gain  of  the  system,  0bpi4  &nd  0k  are 
the  beta  function  at  the  location  of  the  BPM  and  the 
kicker,  Ybpm  and  6Y  are  the  displacement  measured  by 
the  BPM  and  the  error  transmitted  of  this  displacement 
(random  variable  with  a  Gaussian  distribution).  This  er¬ 
ror  is  called  the  resolution  of  the  BPM  and  is  due  to 
the  electronic  noise  in  the  system  (white  noise).  Us- 
mg  the  following  values  of  the  Collider  west  utility  re¬ 
gion  0BPM  =  0K^  420  m,  p  =  0.1,  SY  =  10  /im,  and  with 
the  bandwidth  (BW)  of  the  feedback  system  assumed  to 
be  BW  >  30  MHz,  the  damping  of  the  dipole  mode  multi¬ 
bunch  instability  was  verified  with  the  simulations  for  the 
same-turn  and  one-tum  delay  correction  schemes. 

III.  RESISTIVE  WALL  INSTABILITY 

The  resistive  wall  instability  is  important  for  angular  fre¬ 
quencies,  wt,  close  to  the  angular  revolution  frequency,  w,; 
i.e.,  Uk  —  u;<,(A/}  -I-  k),  where  A^  is  the  fractional  part 
of  the  tune  of  the  machine  such  that  —1/2  <  Ap  <  1/2. 
Each  k  corresponds  to  one  possible  multibunch  mode  of  os¬ 
cillation.  For  lower  modes  and  at  the  frequency  ui,,  the  real 
part  of  the  transverse  resistive  wall  impedance  can  be  ap¬ 
proximated  by  a  resonant  impedance,  where  the  resonant 
frequency  is  wt,  the  shunt  impedance  is  just  iZe[5j.(ut)], 
and  the  quality  factor  Qe  can  be  selected  to  approximate 
the  shape  of  the  resistive  wall  impedance.  Therefore,  the 
problem  is  reduced  to  the  previous  multibunch  instability 
due  to  an  RF  cavity,  and  the  above  program  can  be  applied 
using  this  new  resonator  impedance.  This  is  important 
since  the  explicit  expression  of  the  copper  coated  resistive 


Table  1.  Perfornamce  for  —1  +  Ap  =  — 0.75. 


Feedback  System 

One  BPM-One  K 

TBK 

BPM  Resolution 
SY(iim) 

<  100 

<500 

Gain  (y) 

__S _ 

>0.30 

>0.03 

wall  Wakefield  is  too  complicated,  and  computations  would 
require  huge  amounts  of  interactions  among  the  bunches 
per  each  turn.  Figure  1  shows  the  phase  space  generated 
by  the  bunches  due  to  this  instability.  Figure  2  shows  the 
comparison  of  the  simulations  with  ZAP  analytical  code. 

For  the  nominal  Collider  beam  tube  parameters,  the 
growth  time  of  the  instability  is  56  ms.  To  control  this 
instability,  a  conventional  one  BPM-one  K  and  a  novel  two 
BPM-two  K  (TBK),  configured  as  B1-K1-B2-K2,  feedback 
systems  were  used.  The  kick  is  given  by  Eq.  (4),  but  in¬ 
stead  of  using  Ybpm,  the  p-tums  average  displacement  of 
the  bunches  at  the  BPM, 

pM 

<Y>,=  '£Yf^>*/pM  (5) 

i=l 

,  was  used.  That  is,  each  bunch  receives  p-times  the  same 
correction.  This  implies  that  the  kicker  flat-top  time,  fi, 
will  be 

ft  =  p(C/c)  =  p  X  2.904  X  lO-*  8  .  (6) 

The  bandwidth  of  the  feedbeudc  system  is  assumed  to  equal 
that  defined  by  the  batch-to-batch  separation  (~  1.7  ps), 
BW  >  0.3  MHz.  Table  1  summarizes  the  calculations  for 
the  two  damper  systems. 

The  copper  and  stainless  steel  thicknesses  were  taken 
as  0.1  mm  and  1.0  mm.  The  kickers’  flat-top  was  that 
with  p  =  2.  Figure  3  shows  the  damping  effect  on  average 
displacement  of  the  bunches,  as  recorded  by  the  BPMl, 
using  the  TBK  damping  system.  The  behavior  of  one  par¬ 
ticular  bunch  (number  1000)  as  seen  by  the  BPMl  in  the 
TBK  damping  system  is  shown  is  Figure  4. 

IV.  COMMENTS  AND  CONCLUSIONS 

A  computer  program,  TADIMMI,  was  developed  [8]  to 
study  the  dipole  mode  multibunch  instability  in  the  SSC 
Collider  due  to  RF  cavities.  A  resonant  impedance  iq>prox- 
imation  to  the  resistive  wall  impedance  at  low  frequencies 
allows  us  to  use  the  same  code  to  study  this  instability. 
The  design  of  the  feedback  sytem  to  control  these  insta¬ 
bilities  was  incorporated  in  the  code.  A  two  BPM-  two  K 
feedback  system  may  be  required  to  control  the  resistive 
wall  instability  since  it  has  much  better  control  of  this  in¬ 
stability  than  the  conventional  one  BPM-one  K.  Study  of 
the  feedback  system  noise  effect  on  the  emittance  growth 
is  needed. 
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Abstnct 

The  coupled  bunch  mode  0*16  longitudinal 
inatabllity  observed  in  the  Fermilab  Booster  has  been 
MKoessftilly  damped  by  installing  a  set  of  passive  hi^ier-oider 
mode  (HOM)  dampers  in  the  17  Booster  RF  cavities.  The 
Booster  is  a  fsst  cycling  8  Gev  proton  synchrotron  widi 
harmonic  nundter  84.  The  dampers  rainove  energy  from  two 
cavity  modes  at  163  and  217  MHz.  The  addition  of  these 
dampers  to  the  RF  cavities  has  reduced  the  longitudiiul 
emittance  of  high  current  beams  at  extraction  1^  a  fs^  of  3. 
The  mode  dampers  will  be  described  along  with  beam  spectra 
and  dma  showing  the  lortgitudinal  emittanoe  reductkm. 

I.  INTRODUCTION 

Longitudinal  coupled  bunch  oscillations  of  bunched 
beams  are  often  observed  in  circular  accelerators  as  beam 
intensities  are  incteased.[l-3]  Depending  on  the  growth  rate  of 
these  instabilities,  the  amplitude  of  the  oscillations  nuiy 
become  large  and  lead  to  longitudinal  emittanoe  growdi  due  to 
dK  nonlinearity  of  the  RF  bucket  In  the  case  of  the  Fermilab 
Boaster,  huge  coiqiled  bunch  oscillations  are  observed  to  occur 
after  transition  for  bunch  intensities  greater  than  1.3  x 
I0'*^ppb.(4]  The  upper  curve  in  Fig.  I  shows  dre  longitudinal 
emittance  growth  through  the  Booster  acceleration  cycle 
without  damping  for  an  intensity  of  2  x  lO'^’ppb.  Values  of 
longitudirMi  emittance  were  calcuiated  from  measured  bundi 
kngdis  taken  ftom  a  wideband  resistive  wall  currem  monitor. 

Coupled  bunch  oscillations  can  be  stabilized  by 
either  increasing  the  spread  in  syiKhrotron  frequetKies, 
actively  danqnng  the  longitudinal  motion  of  each  bunch,  or 
reducing  die  impedances  of  die  resonators  responsible  for  the 
bunch  to  bunch  coupling.  In  the  case  of  the  Fermilab 
Booster,  the  third  method  of  reducing  the  coupling  impedances 
was  chosen  because  of  its  simplicity,  low  cost,  and  reliabili^. 
With  diis  choice  the  problem  could  be  simplified  into  three 
steps:  1)  identifying  offending  modes  in  the  beam  currait 
qiectrum,  2)  firing  the  qiecific  higher  order  RF  cavity  modes 
responsil^  for  the  coupling,  and  3)  building  a  set  of  HOM 
darnpers  to  remove  energy  from  the  RF  cavity  higher  order 
modes. 

n.  IDENTIFYING  THE  COUPLED  BUNCH 
MODES 

Using  the  same  notation  as  Sacheret13]  for  a  narrow 
band  resonator  at  a  frequency,  ficst  die  coupled  bundi  mode 
nundier  n  is  excited  whm: 

fies  integer  X  Mfo  ±  nfo 
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time  (ms)  in  the  Booster  cycle  with  and  without  HOM 
dampers. 

Here  fo  is  die  Booster  revolution  frequtmey  and  M  is  the 
number  of  bunches  which  in  our  case  is  equal  to  die  harmonic 
number  hsM«84.  Kgures  2  and  3  show  FFTs  of  the  beam 
current  signal  taken  fitm  a  wideband  resistive  wall  monitor 
using  a  Tektronix  DSA602  digital  signal  analyzer.  The  beam 
current  was  sampled  at  33  ms  imo  the  Booster  cycle  when  the 
coupled  bunch  oscillations  were  fiilly  developed.  The  FFT 
shows  the  harmonics  of  the  RF  ftequency  sepruated  by  die  84 
coupled  bunch  lines.  The  doriiinant  coiqiled  burich  inode  liries 
are  Men  to  occur  at  nsl6  and  ns36.  The  individual  bunch 
mmion  is  predominandy  a  dipole  oscillation.  FFT  beam 
spectra  takm  at  2  ms  intervals  throughout  die  acceleration 
cycle  show  both  the  ttasl6  and  11^36  mode  structure  appearing 
shortly  after  transition.  The  nsl6  mode  readies  a  maximum 
amplitude  at  approximately  10  ms  before  extraction  and 
remains  constant  or  decreases  slighdy.  The  amplitude  of  die 
ns36  monotonically  increases  after  transition  reaching  its 
maximum  value  at  the  extraction  time. 

m.  HIGHER  ORDER  RF  CAVITY  MODES 

The  HOM  of  the  RF  cavities  were  su^ected  of 
providing  the  coupUng  between  bunches  since  removing  four 
of  the  RF  cavities  resulted  in  a  decrease  in  the  longitudinal 
emittance  gto%vth.[4]  The  Booster  has  a  total  of  17  double 
gap  ferrite  tuned  cavities.[6]  Eadi  cavity  consists  of  two  back 
to  back  quarto'  wave  coaxial  trariHnission  line  sections.  The 
electrical  length  between  the  two  gsfis  is  140°  at  the 
fundamental  frequency.  The  search  die  RF  cavity  modes 
associated  with  beun  coupled  bunch  spectra  began  widi  a 
measurement  of  the  resorumt  frequency  ffes  of  each  HOM. 
Since  the  fundamental  finequency  of  die  cavities  fifdifo  must 
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Figure  2.  FFT  of  Booster  beam  current  signal  at  1.3  x  10*^ 
ppp  without  HOM  dampers. 

sweep  from  30  MHz  to  52.8  MHz,  the  majority  of  the  HOMs 
also  tune  during  the  acceleration  cycle.  The  frequency 
measurements  were  made  on  a  spare  Booster  cavity  using  an 
RF  network  analyzer.  By  varying  the  bias  current  to  the 
ferrite  tuners  on  the  cavity  the  HOM  spectrum  could  be 
measured  as  a  function  of  the  cavity  fundamental  frequency. 
This  infonnarion  was  then  used  to  calculate  die  mode  nunfeer 
of  each  HOM  as  a  function  of  time  during  the  acceleration 
cycle.  One  cavity  mode  at  83  MHz  did  not  tune  with  ferrite 
bias  current  However,  at  the  extraction  energy  this  mode 
cotiesponds  to  a  mode  n=06. 

fres  »  2  X  84fo  -  36fo  »  83  MHz 

An  examination  of  the  tunable  modes  showed  two  that  pass 
through  mode  n=l6  after  transition.  The  first  mode  tunes 
from  127  to  169  MHz  while  the  second  mode  tunes  from  202 
to  221  MHz.  In  all  three  modes  the  two  cavity  gaps  oscillate 
in  phase.  The  impedances  of  these  modes  were  measured  on 
the  test  cavity  using  a  standard  stretched  wire  technique.  The 
impedances  measured  were  Z=IOka  at  83  MHz,  Zs:2.3ka  « 
16S  MHz.  and  Z=l6lca  at  217MHz. 

A  complete  set  of  measurements  were  also  made  of 
the  beam  excitation  of  the  HOMs  for  each  of  the  17  Booster 
RF  cavities.  A  signal  from  a  calibrated,  capacitively-coupled, 
g^>  voltage  monitor  from  each  cavity  was  fed  to  the  input  of 
an  HPS^iSB  spectrum  analyzer.  Sweeping  the  spectrum 
analyzer  from  lOttlz  to  400  MHz  and  using  the  am  vmum 
hold  feature  of  the  instrument,  a  beam-induced  spectrum  was 
obtained  over  a  period  of  several  hours.  After  the  ^lectral 
peaks  had  been  kleiuified,  the  center  frequency  of  the  analyzer 
lo  the  peak  of  each  resonance  in  the  zero  qian  mode 
and  triggered  at  the  start  of  each  Booster  cycle.  This  produced 
a  time  recmd  of  the  HOM  excitation  during  the  cycle.  A 
typica!  example  of  diis  output  for  the  217  MHz  mode  is 
shown  in  Fig.  4.  The  amplitude  is  seen  to  reach  a  maximum 
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Figure  3.  FFT  of  Booster  beam  current  signal  at  1.9  x  10^2 
ppp  with  HOM  dampers  installed. 

shortly  after  transition  and  then  deoease  slightly.  Data  for  the 
165  MHz  mode  showed  a  similar  bdiavior  while  the  83  MHz 
mode  continually  increased  after  transition.  The  agreement  in 
the  mode  numbm  between  die  FFT  beam  current  data  and  the 
cavity  gap  monitor  data,  along  with  the  same  characteristic 
tune  dependence,  led  us  to  idet^  these  three  modes  as  being 
responsible  for  the  coupled  bunch  ingtaihi|iifW 

IV.  HOM  DAMPERS 

The  frequency  of  the  non-tunable  mode  at  83MHz  is 
determined  by  the  physical  length  of  the  cavity's  drift  tube. 
This  mode  along  with  anodier  fixed  frequency  mode  at  79 
MHz  were  already  being  damped  by  two  coupling  loops 
terminated  into  50Q  loads.  To  increase  the  damping  at 
83MHz  die  loop  area  was  increased  with  a  0.5"  copper  spaco- 
and  a  notdi  fihn  was  inserted  between  die  loop  and  die  50Q 


Figure  4.  Spectrum  analyzer  ouqwt  showing  die  excitation 
(2  dB/div)  of  die  217  MHz  RF  cavity  mode  as  a  function  of 
time  (5  ms/div). 
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Figures.  Electrical  schematic  of  217  MHz  HOMdanq)er. 


load  to  rethice  die  additional  power  dissipated  in  die  load  at  die 
fundamental  frequency.  This  modification  produced  an 
additional  lOdB  of  dan^ng at  83MHz. 

The  mode  dampers  for  the  I6S  and  217  MHz  modes 
are  similar  in  design  and  are  installed  on  only  one  half  of  the 
cavity.  They  both  consist  of  capacitively-coupied.  125"  diidc 
X  6”  long  X  2"(3.S)  wide  OFHC  copper  flaps  located  at  a 
voltage  maximum  for  each  mode.  The  flaps  are  curved  to  be 
concentric  with  the  outer  cavity  wall  and  are  suppmted  by  a 
0.5"  dia  coppCT  rod  which  is  soldered  to  the  center  conduct^' of 
an  HN  type  connector.  The  center  pin  of  the  HN  connector 
unscrews  from  the  connector  body  for  easy  installation  of  the 
damping  fl^  dirough  the  side  wall  of  the  cavity.  The  center 
pin  also  acts  as  the  inductor  L|  shown  in  Fig  5.  Outside  of 
the  cavity  the  damping  flaps  are  connected  to  three  lOQ.  40W 
low  inductance  resistors  in  parallel,  R,  and  through  a  short 
length  of  .080"  dia  copper  wire,  L2,  to  two  100  pf 
transmitting  capacitors,  C2.  L2  and  C2  are  adjusted  to  be 
series  resonant  at  48  MHz  with  a  Q  of  approximately  25.  The 
colter  value  of  48  MHz  was  chosen  to  minimize  the  total 
iiuegrated  power,  over  the  entire  acceleration  cycle,  dissipated 
in  the  resistor  R  at  the  fundamental  frequency.  The  entire 
external  damping  network  is  erKlosed  in  a  2"  x  3”  x  5" 
shielded  alumimum  box  with  a  28  CFM  ail  metal  flui  attached 
to  the  box  top  to  provide  extra  cooling.  Under  nont4d 
Booster  operating  eolations  the  added  cooling  provided  by  the 
fan  is  not  necessary;  however,  with  the  additio^  coding,  the 
(tampers  have  been  tested  at  the  maximum  Booster  cycle  rate 
of  15  Hz. 


The  165  mad  217  MHz  (tainpen  have  a  bandwidth  ot 
15  MHz  and  rethice  the  HOhta  by  appnuialdy  20  dB  and  25 
dB  respectively.  Hg.  3  is  the  beam  current  FFT  spectrum 
taken  with  datnpos  installed  in  all  17  Booster  RF  cavities. 
The  coupled  bunch  mode  16  line  is  no  longer  present  The 
reduction  in  the  longitudinal  emittance  growth  with  the 
dampers  in  place  is  shown  in  the  lower  trace  of  Fig.  1. 
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Ahtnet 

In  this  paper  longitudinal  instability  parameters  are  cal¬ 
culated  for  the  SSC  Medium  Energy  Booster  (MEB). 
Both  single  and  multiple  bunch  instabilities  are  investi¬ 
gated.  With  a  beam  intensity  of  1.0  x  lO***  the  longitudi¬ 
nal  coupling  impedance  threshold,  \Z^{u)ln\,  is  found  to 
be  ^  60  n  at  the  iiyection  momentum  i2Gev/c,  and  120 
at  the  ctjection  momentum,  200GeV/c.  Coupled  bunch 
instability  growth  rates  are  calculated  for  the  A/4  cavity 
higher  order  mode  (HOM)  spectrum. 

I.  INTRODUCTION 

The  MEB  is  a  200  GeV  proton  synchrotron  which  is  sched¬ 
uled  to  be  built  at  the  Super  Conducting  Super  Collider 
Laboratory  (SSCL)  with  first  beam  in  June,  1996.  Some 
of  the  longitudinal  parameters  of  the  MEB  are  listed  in 
Table  1.  The  MEB  will  deliver  beam  for  colliding  beam 
physics  and  test  beam  operations.  [1] 

First  the  physics  of  some  of  the  single-bunch  instabili¬ 
ties  that  can  occur  in  the  MEB  will  be  discussed.  These 
instabilities  arise  from  the  interaction  of  the  beam  with 
the  broadband  component  of  the  longitudinal  coupling 
impedance  Z^{u),  where  u  is  the  angular  frequency  in 
radfs.  A  diwussion  of  the  multiple  bunch  instabilities 
that  occur  in  the  MEB  follows.  A  HOM  of  an  accelerating 
cavity  provides  a  longitudinal  coupling  impedance  which 
can  cause  a  multi-bunch  instability  or  coupled  bunch  mode 
(CBM)  if  the  beam  current  is  above  a  threshold  value.  We 
have  lued  ZAP  [2]  to  calculate  CBM  growth  rates  and  fre¬ 
quency  shifts  for  the  A/4  cavity. 


II.  SINGLE  BUNCH  STABILITY 


The  one-dimensional  Vlasov  equation  which  describes  the 
evolution  of  the  longitudinal  phase-space  distribution  is 
written  [3,  5,  6] 


dt  ^ 


+  -n 
89  ^^86 


(1) 


wh«e  9  =  2irS/R  is  the  angular  position  of  the  particle 
around  the  synchrotron,  ^  =  il>{9, 6,  t)  is  the  longitudinal 
distribution  function,  S  =  Ap/p,  and 
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Table  1 


MEB  Parameters 


Iqjection  momentum 

12  GeV/c 

Extraction  momentum 

200  GeV/c 

Circumference  C 

3960  m 

Harmonic  number 

792 

Momentum  “compaction”  a 

1.85  X  10-3 

Ikansition  y 

23.28 

RF  frequency  at  iiyection 

59.776  MHz 

RF  frequency  at  extractimi 

59.958  MHz 

95%  bunrii  area,  injection 

0.04  eV-s 

95%  bunch  area,  extraction 

0.1  eV-s 

Minimum  RF  Voltage 

170  kV 

Maximum  RF  Voltage 

1.6  MV 

particles/bunch  (collider  mode) 

1  X  10*° 

is  the  term  which  describes  the  interaction  of  the  particle 
distribution  with  the  coupling  impedance  Zi(u),  where  G 
is  the  angular  frequency  of  the  perturbation  in  the  lab.  The 
revolution  frequency  of  the  synchronous  particle  is  wq,  A 
is  the  perturbation  current,  and  E  is  the  particle  energy. 

Using  a  perturbation  analysis  we  can  linearize  the  Vlasov 
equation  and  find  the  dispersion  relation  [5] 


1  - 

2ir/PE 


1 


(8i>ol8u)j^ 
Q  —  nu 


(2) 


The  threshold  for  longitudinal  stability  is  found  by  solv¬ 
ing  Eq.  2  with  G  having  a  small  positive  imaginary  part, 
G  =  Gr-l->c,  0  <  (  <  1.  We  can  evaluate  the  integral  in  Eq. 
2,  solve  for  the  impedance  Zi,  and  map  out  the  stability 
boundary  in  the  impedance  plane  for  a  given  distributicm 
function  ^o-  If  the  impedance  lies  inside  the  boundary, 
then  any  disturbance  is  damped,  which  is  due  to  a  phe¬ 
nomenon  known  as  Landau  damping.  [4]  In  general,  these 
stability  boundaries  have  a  somewhat  complicated  shape 
(Figure  1).  However,  the  stable  region  can  be  conserva¬ 
tively  approximated  by  a  semi-circle,  a  result  which  we 
write  as 

Z 
n 


elo  \  p  } 


(3) 


where  F  fts  1  is  a  “form  factor”  which  depends  on  the 
radius  of  the  iq>proximating  circle,  and  /q  is  the  beam 
current.  This  is  known  as  the  Keil-Schnell  criterion,  al¬ 
though  an  equivalent  formulation  was  published  previously 
by  Neil  and  Sessler.  [6]  Equation  (3)  was  derived  for  a 
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Figure  1.  Stability  diagrams  for  the  MEB  at  injection. 
Positive  Xfn  represents  a  capacitive  impedance.  The  in¬ 
nermost  curve  is  the  boundary  for  a  distribution  /  « 
(1  -  z’)*  ';  the  outermost  is  for  a  Gaussian;  the  inter¬ 
mediate  curve  is  for  a  quartic,  /  a  (1  —  where  z  is 
the  normalised  rotation  frequency. 


figure  L  Plot  of  right  hand  side  of  Eq.  (3)  multiplied 
by  0.6  vs.  turn  number  in  the  MEB.  The  dip  in  the  curve 
occurs  at  transition. 


coasting  beam,  but  it  can  be  applied  to  a  bunched  beam 
if  the  growth  rate  is  fast  compared  to  the  frequency  of 
synchrotron  oscillations,  and  if  the  instability  occurs  at 
wavelengths  short  compared  to  a  bunch  wavelength.  The 
parameter  /q  is  then  the  peak  current  in  the  bunch. 

ESME  [7],  a  longitudinal  phase-space  tracking  code,  was 
used  to  calculate  Ap/p  for  an  MEB  by  tracking  2  x  10^ 
pseudo-particles  with  an  amount  of  charge  equivalent  to 
10***  protons/bunch.  The  ESME  output  was  used  to  plot 
Eq.  3  (Figure  2).  We  see  that  at  injection  if,  for  exam¬ 
ple,  the  distribution  is  similar  in  shtqie  to  a  quartic,  the 
MEB  bunch  will  be  stable  for  values  of  the  longitudinal 
coupling  impedance  |Z/n|  <  60G.  Other  than  the  time 
spent  near  transition  crossing,  it  seems  unlikely  that  we 
will  cross  the  threshtJd  for  single-bunch  stability,  since  we 
expect  |Z/n|  <  2(1  in  the  MEB.  We  will  not  discuss  single¬ 
bunch  stability  at  transition  crossing. 


Figure  3.  Coupled  bunch  instability  growth  rates  in  s~' 
at  the  iqjection  momentum  (12  GeV)  of  the  MEB. 


III.  MULTIPLE  BUNCH  STABILITY 

In  Sacherer’s  formalism  [8],  the  complex  frequency  shift  for 
coupled-bunch  motion  is  described  by 


“*'*  Vm+iy  ZBlhVcos^t 

P  ^ 


where 


FmifpT,) 


1  |Am(p)|' 


P 


(5) 


is  another  form  factor  which  weights  the  contributions  from 
the  coupling  impedance  Zi,{fp).  The  Fourier  transform  of 
the  perturbed  line  density  is  denoted  by  Am(p),  u,  is  the 
synchrotron  frequency,  m  is  the  synchrotron  mode  number, 
Bo  is  the  bunch  length  r^/the  revolution  period  T,  is  the 
synchronous  phase  angle  which  is  positive  below  transition 
and  negative  above,  and 


fp  =  {n  +  pM)fo  +  m/,,  -00  <  p  <  -f-oo  .  (6) 


M  is  the  number  of  bunches,  which  are  assumed  to  popu¬ 
late  the  ring  in  a  symmetric  fashion. 

ZAP  [2],which  implements  Eq.  4,  was  used  to  calculate 
coupled-bunch  instability  growth  rates  for  the  MEB.  The 
calculation  assumes  that  the  bunches  have  a  Guassian  pro¬ 
file  in  momentum,  that  the  ring  is  filled  with  792  =  h 
bunches,  and  that  the  beam  has  an  intensity  of  10*°  pro¬ 
tons/bunch.  The  HOM  input  data  was  generated  with 
MAFIA,  a  3d  particle-in-cell  code  (Table  2).  Measured 
data  on  a  prototype  cavity  would  be  preferable,  but  there 
is  no  prototype  RF  cavity  for  the  MEB  as  of  this  writing. 
The  results  are  plotted  in  Figures  3  and  4.  We  see  there 
are  many  modes  with  growth  rate  >  ls~*. 
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Table  2 

HOM  data  for  MEB  A/4  cavity 


fluency 

MHz 

shunt  imp.  R, 
kQ 

quality  factor  Q 

59.8 

629 

12300 

93.0 

13 

9500 

154.7 

14 

6700 

176.5 

34 

13600 

229.2 

48 

15600 

292.3 

70 

22000 

357.1 

49 

24400 

386.5 

33 

9800 

399.3 

23 

10300 

415.6 

9 

22700 

459.3 

103 

23500 

411.6 

22 

22300 

473.4 

3 

22100 

490.2 

208 

25000 

540.1 

12 

15200 

561.8 

5 

10200 

In  normal  operation,  the  MEB  will  be  filled  with  6  LEB 
batches  approximately  once  every  8  seconds.  The  beam 
will  orbit  the  MEB  for  ~  4  seconds.  We  choose  to  limit 
the  multi-bunch  integrated  growth  to  4  e-foldings.  Hence, 
we  would  like  for  the  growth  rate  1/r  to  be  <  ls“‘.  The 
rates  calculated  with  ZAP  almost  all  exceed  this  criterion. 
Therefore  the  modes  must  be  damped  in  order  to  limit 
the  growth.  An  approximate  formula  for  the  growth  rate 
(useful  for  estimates)  due  to  any  particular  HOM  is 

i.  P  m 

T  2  hVcos^,'  ^  ^ 

The  growth  rate  is  proportional  to  R,  the  shunt  impedance 
of  the  HOM.  For  a  given  HOM  that  has  1/t  >  ls“‘,  we 
can  limit  the  beam  to  4  e-foldings  (1  e-folding/s)  if  we 
damp  the  mode  by  a  factor  equal  to  the  growth  rate  in  the 
MEB.  In  fact,  we  may  not  need  to  damp  this  much,  since 
the  Landau  stability  threshold  could  be  crossed.  A  given 
CBM  will  be  Landau  damped  if  | Au/m.n  |  <  m/2  •  (m  -I- 1)5, 
where 

is  the  synchrotron  frequency  spread  within  the  bunch.  [2] 
For  the  MEB  at  injection,  we  find  5  ~  15/fz  and 

|A/|  =  ^|Aw„.„|<5/8x~0.6f/z.  (9) 

is  the  condition  for  Landau  damping.  However,  we  require 
Im(um,n)  <  1<“*  to  limit  the  CBM  to  4  e-foldings  in  the 
MEB.  ^  there  is  no  need  to  damp  the  HOM  to  the  Landau 
threshold  at  the  iigection  momentum.  At  extraction,  with 
Vx  ~  lOcm  we  find  5  =  0.4  Hz,  so  the  Landau  damping 
threshold  is  correspondingly  smaller  and  the  same  damp¬ 
ing  criterion  applies.  If  the  beam  intensity  is  increased  to 


Figure  4.  Coupled  bunch  instability  growth  rates  in 
at  the  extraction  momentum  (200  GeV)  of  the  MEB. 

5  X  10^**  protons/bunch,  then  it  will  be  necessary  to  damp 
the  HOMs  by  another  factor  of  five;  if  this  is  not  possible, 
an  active  drunping  system  may  be  required. 
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Abstrset  >  The  quadrature  ra^nse  of  longitudinal 
impedance  is  shown  to  be  the  enectiYe  impedance  for 
the  beun  instability.  The  results  of  the  H>plication  of 
UiM  formulatkm  are  compared  with  that  obtained 
U8in|(  the  Robinson-Pedetsen  approach  and  the  Sach- 
erer  integral  equation.  The  fmtnulation  is  further  gm- 
ershied  to  the  rigid  bunch  motion  using  signal 
analysis  method,  where  a  form  factor  shows  up  natur* 
ally>  FinsUy,  the  formulation  is  applied  to  scdve  the 
coupled  bunch  inst^iUries.  Examples  of  the  AGS 
Booster  and  the  AGS  coupled  bunw  instabilities  are 
used  to  illustrate  the  applicatiims  of  the  formulation. 

L  The  New  Formulaitlon 

In  the  longitudinal  motion,  a  synchrotron  oscil¬ 
lation  is  modulated  by  the  RF  carrier.  The  beam 
current  induced  voltage  through  the  lon^tudinal 
impedance  may  affect  the  synchrotron  oscillation  and 
cause  the  beam  instability. 

A.  Beam  Dgnanue  Model 

A  beam  dynamic  model  is  shown  in  Fig.l,  where 
s  is  the  Limlace  operator,  uq  and  are  the  revolu¬ 
tion  and  RF  frequencies,  respectivdy.  AVs  is  the 
equivalent  RF  gap  voltage  deviation  caused  by  the 
beam  motion,  and  AVp^v  caused  by  the  cavity  vol¬ 
tage  variation.  Ig  is  the  beam  cuirait  amplitude  of 
the  fundamental  frequency,  i.e.,  the  RF  fre^ency. 
Finally,  Zui*)  represents  the  effective  lon^tudinal 
impedance  with  respect  to  the  beam  instability.  In 
the  block  diamam,  the  upper  loop  represents  tiie  syn¬ 
chrotron  oscillation,  as  shown  in  [l].  The  lower  Imp 
repreamts  the  effects  of  the  beam  current  to  the  cavity 
voltage  through  the  longitudinal  impedance. 


Fig.l.  Beam  Dgnamie  Model 

B.  Impedance 

We  use  both  Laplace  and  Fouriw  transforms. 
For  instance,  an  impedance  in  the  Laplace  form  can  be 
Z{e+jugF),  and  its  counterpart  in  the  Fourier  form  is 
writtm  as  Z{u+ugy).  Consider  a  genoal  situation  of 
the  modulatro  input  and  output.  Let  the  input  signal 
of  a  s]^m  be  f(t)  and  the  output  be  g{t).  The 
input  signal  is  assumed  to  be  a  low  frequency  si^al 
fi{t)  modulated  by  an  RF  carrier,  say  coauggt,  i.e., 
we  can  write,  /(O  “/t(0  "Xf  *•  Using 
and  to  denote  the  Fourier 


*  Woric  performed  under  the  auspices  of  the  U.S. 
Dqiartment  of  Ekiergy 


pairs,  we  have, 

(FL(w+Wajr)+Ft(w— ««/■))  (1) 

Also  for  /i(0  ->  fi{t)  sin  t,  we  have, 

^ ‘t")  “  (2) 

Under  the  modulation  of  the  frequm^  the  in- 
phase  and  quadrature  responses  of  the  impraance  Z{ii/) 
are  determined  by  [2], 

Zp{u)  —  y  (Z{(0+iJgf)+Z((J—Ugg))  ,  (3) 

{Z{u+ugr)—Z{u-ugif))  (4) 

reqiectiveW.  We  also  define  Gp{u)  —  Fi{<tAZp(u)  and 
Go(w)  ■■  rV(w)ZQ(w).  Using  end 

for  Fourier  pairs,  the  total  response  of 
the  modulatra  signal  F((i;)  in  (1)  through  the 
impedance  Z{u)  is, 

#(0- (5) 
Using  (1-4),  the  equation  (5)  can  be  shown  to  be, 

G(w)-F(w)Z(w))  (6) 


thertfore  (5)  is  jproved.  Whoi  the  beam  passes  the 
cavity  g^p,  the  in-phase  response  due  to  the  cavity 
impedance,  which  is  modulate  by  cos  ugpt,  provides 
an  almost  constant  force  in  the  beam  synchrot 
oscillation,  which  has  little  effect  on  the  beam  insta^ 
ity.  On  the  other  hand,  since  the  quadrature  response 
is  modulated  by  sin  ugp  (  it  is  in  ue  same  fashion  as 
that  of  the  RF  driving  wave  and  functions  as  the  same 
as  the  RF  driving  wave.  Therefore,  if  the  instability  of 
synchrotron  osciUation  is  concerned,  the  quadrature 
response  rroresented  by  (4)  becomes  a  dominant  effect. 
Thus  the  effective  longitudinal  impedance  is, 

Ztf{e)  “  2q(s)  «  (7) 

Consider  an  RF  cavity  with  the  resonant  fre¬ 
quency  ug,  the  shunt  resistance  R,  the  hslf- 
bandsndth  <r,  and  the  quality  factor  Q.  Under  the 
conditions  of  Q>>1,  ugp  ^  ug  »u  a;  ug,  and  also 
^g—u%p  |»  I**  1=^,  the  longitudinal  impedance  of 
the  RF  cavity  is, 

Z  fel  =  -RiAan^z  .  . 

^  s*+2<rs+<r*(l+tan*^j) 


where  the  detuning  angle  ^jfstan~* 

C.  StahUitp 

To  study  the  beam  stability  under  the  influmce 
of  the  longitudinal  impedance  of  RF  cavity,  we  can 
write  the  following  equation  from  Fig.l, 


* 


euo^RFV^foed>s 
2x0^E  e^ 


■<h  + 


tUo^RFV 
2w0^E  s* 


Zu{.>Vb^  (9) 
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UatBC  wIm»«woWm9  Veoc#5/(2x'^£)  aad  the  beam 
and  fenerato  eu.Tent  ratio  Y^IbIIq^IbR ly ,  the 
eharaetwistie  equation  of  the  ayatem  bi^mes, 


*•+«! 


ulYohui^t  jcOB^S 
+o*(  l+tan*dy ) 


(10) 


UaiBg  Routh-Hurwits  table,  it  is  straightforward  to 
find  the  stability  conditions  as  tandx  >  0  and 
ytandfcordy  <  eoads.  which  are  called  the  first  and 
secMid  mbinson  eritnria,  req>ectivdy. 

In  deriving  the  transfer  fimction  Z|f(s)  in  Fig.l. 
the  ii^hase  and  quadrature  transfer  functions 
and  %(sj  are  used.  In  the  Robinson  •  Pedersen 
iqiproaiu  [3],  the  beam  to  cavity  phase  and  amplitude 
transmissions  and  thdr  cross  transmissions  *pp{a), 
^••(a),  and  Zp4t{$),  Zpp[t)  are  used  to  derive  the 
totm  equivalent  transmission  from  the  beam  phase 
variation  to  the  induced  cavity  voltage  phase  devia¬ 
tion.  b  Fig.2,  typical  step  responses  of  the  transfer 
functions  are  plotted,  which  show  the  difference 
between  the  two  types  of  the  transfer  functbns,  and 
the  two  iqiproaches  as  well. 


Fi§.t.  SUp  RtBpotucB  for  tko  Tronrfer  Fnnetions. 


Usin^  Sacherer  integral  equation  [4]  for  the 
dipole  motion,  we  get  the  following  equation, 

(11) 

where  Ip  is  the  beam  aversM  current,  ftp  is  the  bunch 
stationary  distributioii,  and  r  is  the  amplitude  ot  the 
beam^  phase  oscillation.  Substituting  (81,  the  equation 
(ill  is  shown  to  be  equivalent  to  (10),  except  for  a 
scaling  difference. 

n.  Generaliae  the  Formulation 

To  generalise  the  formulatimi  to  the  rigid  bunch 
motion,  we  beam  current  signal  needs  to  be  analysed. 
For  each  frequency  component  in  the  ngnal,  the 
corresponding  effwtive  imp^ance  can  be  found,  which 
needs  only  a  trivial  modification  from  the  results 
shorn  in  Section  I.  The  summation  of  the  effects  of 
the  impedance  due  to  each  component  in  the  signal  is 
the  force  the  beam  received. 

A.  Signal  of  rigii  bunch  motion 

Let  Tgr  be  the  RF  period,  Tpp=2irluipp,  a 
beam  longitudinal  current  ainial  with  N  particles  in  a 
bunch  k, 

«(0-^e  E  Sit-kTpp+TcoouskTKp)  (12) 


where  r  k  the  sjmchrotron  oscillation  amplitude  in 
time.  The  spectrum  thk  ngnal  k  calculatM  as  [l], 

PO 

/(w)  -  2v/o  £  y"  Jm (wr)  f  {<^P  "» Ws)  (18) 

r.a—ee 

We  further  assume  that  the  bunches  have  a  Gaussian 
dktributkm,  which  k  chosm  for  convenience,  and  with 
an  effective  bunch  length  .  Using  the  phase  osdlla- 
tion  amplitude  the  equation  (13)  becomes  [l], 

/(w)-2»/o  2  y-/.(ra;/«,x) 

^  -pupp—mus)  (14) 

B.  Gcnerolixation 

To  compare  Uie  rigid  bunch  signal  represented 
by  (14)  with  the  idealist  signal,  we  may  write  the 
signal  used  to  devdop  the  formulation  in  Section  I  as 
ii(()  ~  IgrcoB  Us  tan  uppt,  whose  spectrum  k, 

/,(w)-2v/5^  £  {-p)6(u-pupr-nius)  (15) 

The  first  difference  between  the  real  rigid  bunch 
motion  signal  represmted  by  (14)  and  the  idealised 
ngnal  (IS)  k  that  (14)  contains  not  only  RF  frequency 
modulation  but  ako  RF  harmonics  ovulation,  i.e., 
by  the  frequencies  pupp,  |p  |>1.  It  k  shown  [1]  that 
**  w  valid  not  only  for  the  RF  fremency 

moauation,  out  ako  for  the  RF  harmonic  modulation. 
For  the  carrier  with  the  frequency  pupp,  the  variable 
upp  in  (4)  should  however  be  replac^  by  pupp.  bi 
the  qrstem  synthesk,  firstly  these  frequency  com¬ 
ponents  in  the  rigid  bunch  motion  signal  should  be 
idwtified,  then  the  corresponding  longitudinal 
impedances  should  be  used  to  find  the  induera  forces. 
The  combined  force  k  the  one  the  beam  received. 

The  second  difference  of  (14)  from  (151  k  that  it 
contains  not  only  dipole  motion  but  aim  ugh  mode 
motiem,  i.e.,  mup,  |m  |>1. 

The  third  difference  k  that  in  (14),  the  spectrum 
amplitude  k  affected  by  the  Bessel  function,  the  bunch 
dktribution  and  the  bunch  leng^.  The  combined 
influence  of  these  factors  can  be  owed  a  form  factor. 

C.  Form  factor 

Consider  the  most  important  case  of  dipole 
moticm  with  RF  frequency  modulation,  where  p  ±1 
and  m  »  ±1.  We  write  (14)  as, 

/(w)  -  8irVi(r  |w 

x-^  £  {-p)S{u-pupp-mus)  (18) 

p.m-±l 

For  the  delta  dktribution.  Ip  —  2/o,  the  form  factor 
can  be  writtoi  as, 

„  /(«)  2A(r  IwI/wrf)  .-{r,.«/««,)*/32 

/.(«)  r  ‘ 

where  in  the  simplification  we  used  Iw  |  Upp. 

Consider  the  longitudinal  dipole  motion  dis¬ 
cussed  in  Section  I  again.  The  form  factor  F  in  (17) 
has  to  be  multiplied  to  the  scaling  Ip  in  F^g.l,  and 
therefore  dm  to  Y^IpRlV  in  (10).  Thus, 
Yi  «  FY  will  r^lace  Y  in  the  secmid  stability  equa¬ 
tion.  Since  F<1,  the  stability  margin  k  extended. 
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HL  Oouplad  BmKh  InstabltttiM 

A.  O—piid  imnek  r.t0ti«n 

LH  Uwre  b«  k  bunches,  nnd  let  n  be  the  coupled 
j  buttdi  mode  number.  There  will  be  «  —  0,  1,  A— 1 

coupled  bunch  modes  (4].  The  spectrum  of  the  signsl 
obserred  h<»n  the  wall  monitor  becomes, 

1 

r.«— «o 

4(w-pwjif-n(.^-mws)  (18) 

The  coupled  bunch  mode  of  nu^  can  be  assumed  to  be 
a  rigid  wave.  For  an  individual  bunch,  the  modulation 
ef^  of  the  beam  current  s^al  due  to  the  coupled 
bun<^  BKKle  is  demodulated.  By  the  same  argument  as 
in  Section  I,  the  quadrature  respooae  represents  the 
effective  longitudinal  impe^nee.  Therefore  we  have 
the  fdlowing  Icrngitudinal  impedance, 

*■  {i?(w+awo+cjjj/)— Z(aH-nt»^— (19) 
‘J 

B.  Couptei  hunek  taefsiiifitwe 

If  a  0,  then  the  two  spectrum  lines  of  the 
same  frequency  modulation  may  be  far  ^art,  there¬ 
fore  in  general  the  treatment  for  the  resonator  t^rpe 
im^ance  such  as  that  in  Seetimi  I  cannot  be  apphM, 
and  the  spectrum  lines  may  have  to  be  treated 
8«>aratdy.  Consider  the  dipole  upper  sideband  at 
Z((iiH-W(H-w»)  in  (19),  and  let  the  real  part  of  the 
impedance  m  /f|.  Using  «•>/<•»  Af  jus,  ue  stability 
equation  can  be  written  as, 

Tv^'  •  <“> 

Bdow  transition  co8d5>0,  thmefore  the  uppw  ride- 
band  is  stable  because  that  the  eoeffideot  of  «  is  nega¬ 
tive.  It  follows  that  the  lower  sideband  at 
Z((iffwtr-wjrr),  which  has  a  negative  sign  m  (19),  is 
unstable,  and  the  opposite  above  transition. 

It  is  interesting  to  revisit  the  form  factor  derived 
in  Section  n.  We  rewrite  it  as, 

jp  ^  iJijr  jw  l/ugr)  ^-{rt,u/u„yiZ2 

The  simplification  the  form  factor  in  (17)  cannot  be 
made  in  the  case  of  the  coupled  bunch  mode,  since 
now  L;  |  is  not  close  to  wnp  if  n  fS  0,  and  both  vari¬ 
ables  nave  to  be  conridereo  in  the  Bessel  function.  For 
high  frequency,  the  infiuence  of  r  shows  up,  which  is 
riiown  in  Fig.8. 


In  a  small  range  of  r,  for  instance  betweoi  0.01  to  0.2 
in  Fig.3,  the  form  factors  are  appiwrimatebr  the  aasM. 
This  shows  the  reascm  wh^  we  can  aamme  that  the 
coupled  bunch  mode  is  a  rigid  wave  in  the  instability 
study. 

C.  Extmpies  of  tke  AGS  Boooter  sad  tko  AGS 

A  coupled  bunch  instability  has  been  excited  in 
the  boater  by  tuning  a  test  RF  cavity  (Si.  In  Uie 
booster  A  is  3,  and  /»  was  2.S5  MHs.  In  the  test,  the 
coupled  bun^  instwility  of  a  dipole  mode  was 
observed  at  the  first  revolu^n  line,  i.e.,  at  850  KHs, 
which  implies  that  a  2.  We  have  Iq  »  0.062  A, 
ds  ■■  0,  and  V  »  30  KV,  and  rx»130  nS.  The  RF 
cavity  used  to  excite  the  coupled  bunch  moriem  has 
approximatdy  a  quality  factor  2.5  and  a  shunt  resis¬ 
tance  3  Kn,  it  was  tuned  at  the  revolution  frequoiey 
in  the  test.  To  estimate  the  effective  resistance  FRi, 
^e  form  factor  in  (21)  is  used,  where  the  Gaussian 
distribution  is  still  used  allowing  minor  ent»s.  The 
effective  resistance  of  the  test  cavity  is  found  to  be  1 
KG  at  850  KHs.  The  growth  rate  ciuculated  using  (20) 
is  27.7  mS,  which  is  close  to  the  test  result  of  30  mS. 

In  an  AGS  operation,  a  eoimled  bunch  instabil¬ 
ity  was  observed  at  the  1.77  GeV  fremt  porch,  with 
/jt^K4.18  Kffls,  and  ni^ll  (  k^l2  ).  To  find  the  lo^ 
tion  of  frequency  of  the  exciting  resonata,  two  tests 
were  performed,  with  r r  are  46  nS  and  70  nS, /o  are 
0.089  A  and  0.457  A,  V  are  280  KV  and  184  KV.  and 
fs  are  1.04  KHs  and  1.38  KHs,  respectivriy.  The 
obsmved  ^wth  rates  are  48  mS  and  24  mS,  reflec¬ 
tively.  Umig  a  moderate  r  aaO.lr^,  the  resistance 
required  to  generate  the  observed  growth  rates  are 
plotted  in  Fig.4,  which  shows  that  at  17.8  MHs  the 
required  resistances  are  crossed.  ‘Die  closest  unstable 
coupled  bunch  mode  frequency  is  at  17.1  MHs,  tiiere- 
fore  Fig.4  shows  a  possible  locatimi  of  the  exciting 
resonator.  This  rer  ilt  agrees  to  the  one  obtained  by 
different  approaches  [6]. 


ns* 


Fit.4.  Rcoiotoneeo  to  Excite  ike  Growtk  Roteo. 
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Abstract 

ARGUS  is  a  three-dimensional,  electromagnetic,  paiticle- 
in-cell  (PIC)  simulation  code  that  uses  a  modular  code  ar¬ 
chitecture  to  allow  multiple  physics  modules  to  share 
conmum  utilities  for  grid  and  structure  setup,  memory 
management,  disk  I/O,  differential  vector  field  operators, 
and  diagnostics.  The  code  includes  modules  for  electro¬ 
static  and  electromagnetic  field  solutions,  electromagnetic 
eigenvalue  problems,  and  PIC  simulation  in  either  a  steady- 
state  or  a  time-dependent  algorithm.  SAIC  and  LANL 
(Accelerator  Code  Group)  are  collaborating  to  release 
ARGUS  to  the  U.S.  accelerator  community.  The  code  is 
available,  with  documentetion,  both  at  LANL  and  at 
NERSC  (LLNL).  Applications  of  ARGUS  to  waveguide 
and  cavity  problems  ^  wake-field  calculations  are  pre¬ 
sented. 

I.  DESCRIPnON  OF  ARGUS 

The  ARGUS  code  [1],  [21  has  been  under  development  at 
SAIC  since  1983.  The  code  architecture  is  designed  specif¬ 
ically  to  handle  the  problems  associated  with  three-dimen¬ 
sional  electromagnetic,  PIC  simulations.  It  uses  sophisti¬ 
cated  memory  management  and  data  handling  techniques 
[3]  to  deal  with  the  large  volume  of  data  that  is  generated  in 
such  simulations. 

A  modular  architecture  is  employed  so  that  all  physics 
modules  share  code  utilities  in  common.  Conqilicated  ge¬ 
ometrical  structures  can  be  represented  on  the  computa¬ 
tional  grid,  and  the  grid  can  be  non-unifimn  in  all  tluM  di¬ 
rections.  Cartesian  and  cylindrical  coordinate  systems  have 
been  inqilemented  throughout  ARGUS.  Physics  modules 
are  in  place  to  compute  electrostatic  and  electromagnetic 
fields,  the  eigenmodes  of  if  structures,  and  PIC  simulation 
in  either  a  time-dependent  mode  or  a  steady-state  (gun 
code)  mode.  The  PIC  modules  include  multiple  particle 
species,  relativistic  particle  dynamics,  and  algorithms  for 
creation  of  particles  by  emission  firom  material  surfaces  and 
by  injection  onto  the  grid.  A  plasma  chemistry  module  al¬ 
lows  species  to  be  created  or  destroyed  based  on  specified 
rate  processes. 

Structure  input  in  ARGUS  is  carried  out  using  combinato¬ 
rial  geometry.  The  code  stores  a  library  of  simple  solid  ob¬ 
jects  (e.g.,  a  rectangular  solid,  an  elliptical  cylinder,  an  el¬ 
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lipsoid,  etc.).  These  objects  are  combined  by  the  user  with 
logical  operado'^s  (to  either  add  or  delete  the  library  object) 
to  produce  objects  of  arbitrary  shape.  The  structures  so 
specified  are  represented  on  ^  computational  grid  by  a 
structure  mask  array,  which  stores  the  material  and  electri¬ 
cal  properties  of  each  cell  on  the  grid. 

Material  properties  are  associated  with  structures.  The 
code  allows  perfectly  conducting  materials,  as  well  as  ma¬ 
terials  with  conqilex  values  of  both  permittivity  and  perme¬ 
ability;  hence  lossy  materials  are  allowed.  Furthermore,  the 
permittivity  and  permeability  are  specified  as  diagonal  ten- 
sors  to  treat  certain  classes  of  non-isotropic  materials. 

ARGUS  offers  a  wide  variety  of  diagnostic  plots  that  are 
selected  by  the  user  and  are  available  at  run  time.  In 
addition,  the  user  can  genente  HDF  files  for  exporting  Anta 
to  external  visualization  tools. 

Version  2S  of  ARGUS  is  now  available,  with  user  support, 
through  the  Los  Alamos  Accelerator  Code  Group.  This 
paper  describes  some  examples  6om  the  ARGUS  Primer, 
wUcfa  is  part  of  the  ARGUS  documentation. 

n.  TOMBSTONE  CAVITY 

A.  Cold  Test  of  the  “Tombstone*’  Cavity 


y 


Hgute  1.  The  “Tombstone”  (Davity 
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An  example  in  the  MAFIA  User’s  Guide  consists  of  ana¬ 
lyzing  the  nonnai  inodes  of  the  structure  shown  in  Hgure  1. 
The  structure  is  a  cyiindrical  drift  tube  attached  to  a  cavity 
made  of  a  rectangular  box  topped  with  a  half  cylinder. 
MAFIA  and  ARGUS  represent  this  structure  in  different 
ways.  ARGUS  uses  a  “stairstep”  representation  on  the 
gri4  while  MAFIA  allows  triangular  “half  cells". 

A  comparison  of  MAFIA  and  ARGUS  cold-test  results  for 
the  “Tondismoe”  cavity  is  givmi  in  Figure  2.  The  ten  low¬ 
est  modes  of  the  structure  were  cmnputed.  The  discrepancy 
is  generally  in  the  1-2%  range,  and  is  due  to  the  difierences 
in  the  structure  lepresentatioo  by  the  two  codes.  This  result 
is  consistent  with  other  conqiarisons  of  these  codes  on 
comparable  meshes.  With  fuim  meshing,  the  codes  agree 
mote  closely. 


4.S00**<»  -f 


Hgure  2.  Comparison  of  ARGUS  and  MAFIA  results  for 
“Tombstone”  cavity  cold  test. 

B.  Wake  Fields  in  the  “Tombstone”  Cavity 

The  timeKiepeodeot  PIC  nxxlole  in  ARGUS  can  be  used  to 
cmnpute  wake  fields  by  initializing  a  Gaussian  bunch  of 
heavy  particles  and  allowing  them  to  drift  through  the 
structure.  This  method  has  been  employed  to  display  the 
wake  fields  in  the  “Tombstone”  cavity.  Figure  3  shows 
three  snapshots  of  the  particles  and  axial  electric  field  as 
the  bunch  traverses  the  structure.  The  Gaussian  bunch  is 
located  on  the  axis  of  the  cylindrical  drift  tube  and 
launched  into  the  cavity.  The  particles  ate  visible  in  the 
figure  as  a  line  charge  on  axis.  In  the  first  frame,  at  time 
step  25,  the  particles  ate  just  entering  the  cavity  fiom  the 
lower  tube.  The  middle  firame,  at  time  step  75,  shows 
the  particles  as  they  leave  the  cavity  and  enter  the  upper 
drift  tube.  In  the  third  fiame,  at  time  step  125,  they  are 
leaving  the  upper  drift  tube  (by  being  absorbed  on  the  up¬ 
per  boundary  of  the  simulation). 


m.  RADIATING  OPEN  WAVEGUIDE  IN 
THE  TIME  DOMAIN 

The  ability  of  the  ARGUS  code  to  handle  open,  radiating 
boundary  conditions  in  the  time  domain  sets  it  apart  from 
several  other  codes.  Two  separate  utilities  exist  for  nnple- 
menting  this  cqiability.  The  first  is  a  “port”  boundary  con¬ 
dition,  which  treats  a  specified  opening  in  the  simulation 
bounchuy  as  though  it  were  comiected  to  a  waveguide  ex¬ 
tending  to  infinity.  The  second  is  an  implementation  <rf  the 
Lindman  [4]  algorithm  for  radiating  boundaries.  While  the 
port  condition  only  matches  the  boundary  for  radiation  at  a 
specified  frequency,  the  Lindnum  comfition  is  a  general 
outgoing-wave  boundary  condition. 

This  simulation  provides  a  demon^ration  of  the  iJndman 
algorithm  for  a  rectangular  waveguide  driven  at  its  lower 
end,  and  open  at  its  upper  end.  Figure  4  shows  the  radia¬ 
tion  fields  at  two  time  steps  selected  to  show  the  phase 
slippage  at  the  top  (open)  boundary. 
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Figure  3.  Wake  fields  due  to  a  GaussiaD  bunch  pesnog  through  the  ‘Toadmone”  Cavity. 
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Rguie4.  A  latfiatii^  waveguide  in  the  tune  domain. 


J99S  ParHeU  Aeeetenior  Confertnee 
A  Hig^Order  Mcmunt  Sinmlation  Model* 

[  K.  T.  Tieng,  C.  Kostas,  and  A.  Mondelli 

r 

Science  Appti^iione  Mernaiionnl  Corporation 
niO  Gooiriipe  Drive,  McLean,  VA  ttlOt 

\ 


f  1.  Introduction 

The  physical  length  of  accelerator  systems  presents 
oonQ>utational  difficulties  for  three-dimensional  discrete- 
particle  simnlations  of  the  dynamics  and  emittance  grosrth 
in  beun  transport.  An  alternative  to  the  discrete-particle 
approach  is  a  high-order  moment  equation  noodel,  which 
is  an  extension  of  envelope  equations  formulated  first  by 
Kapchinskg  and  Vladimirdcij^  and  later  adapted  by  Lee, 
Qose  and  Smith^. 

Chernin*  has  derived  a  beam  envelope  equation  from 
the  equations  of  motion  for  a  mono-energetic  particle  beam 
in  a  magnetic  field  that  is  linear  in  the  transverse  cow- 
dinates.  In  this  work  we  are  interested  in  beams  with 
I  a  spread  in  energy,  and  transport  systems  with  a  non¬ 
linear  transverse  dependence  of  the  magnetic  field.  For 
I  this  type  cA  system  the  spatial  coordinate  along  the  beam 
I  motimi  cannot  be  used  as  the  time  variable;  faster  par- 
I  tides  will  overtake  the  slower  partides  as  time  evolves. 

[  We  present  relativistically  covariant  moment  equations  for 
modeling  beam  transport,  based  on  the  work  of  Newcomb^ 

I  and  Amendt  and  Weitsner*.  The  beam  is  described  by  a 
set  of  partial  differential  mmoent  equations,  instead  of  aset 
I  of  ordinary  differential  envelope  equations.  Our  formalism 
is  based  on  transverse  averages  of  the  moment  equations 
obtained  from  the  relativistic  Vlasov  equaticm.  The  spatial 
I  co<»dinate  along  the  beam  nwtion  and  time  are  the  only 
I  independent  variables.  The  moment  equations  ate  cloMd 
by  setting  higher  order  correlation  functions  to  zero.  A 
similar  formulation  of  moment  equations  by  Channel  and 
co-workers*  used  spatial  averaging  in  all  three  coordinates 
to  model  a  bunched  beam  mth  time  as  the  only  indepen¬ 
dent  variable.  For  bunch  lengths  that  are  large  conpared 
-  to  the  betatron  wavdength,  it  is  impractical  to  carry  suffi¬ 
ciently  high  longitudinal  moments  to  model  the  osciUations 
I'  within  the  bunch. 

2.  Formuation 

We  denote  the  time  t  and  local  Cartesian  space  coor¬ 
dinate  (x* ,  x^,  X*),  replacing  the  usual  co<»dinate  (x,  y,  z), 
vdiere  x*  is  measured  ak>ng  the  beam  motion  directicm 
and  x^  and  x^  are  the  transverse  directicms.  We  define 
|>  X*  =  et,  where  t  is  the  speed  of  light,  so  that  space-time 
is  parametrized  by  t^,n  =:  1,2, 3, 4.  We  use  a  summation 
ccmventkm,  and  assume  that  Latin  subscr^ts  and  super- 
;  scripts,  t,  j,  k,  /,  are  summed  from  one  to  three,  while  Greek 

I  subscripts  and  superscripts  we  summed  from  one  to  four. 
Ttie  space-time  metric  (ds)'*  s  dx^dx*  —  e^(df)^  becomes 
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(ds)^  =  dx^dx''g„^,  where  the  n<m-zero  elements  of  the 
metric  tensm  are  pij  =  Sij  and  944  =  —1.  The  metric 
tensors  and  g^",  which  is  defined  so  that  g^„g''^  =  6^, 
are  used  to  to  raise  and  lower  indices  covariantly.  The 
usual  three  velocity  v*  is  extended  to  a  relativistic  covari- 
ant  four^velodty  o'*  by  the  definitions  j~*  =  1  — 
and  tt*  =  u*  =  yc  so  that  =  —<?. 

The  electromagnetic  field  tensor  Fn»  is  antisymmetric 
and  is  given  by 


Ei  =  cFu  =  -cf4<, 

Bi  —  Fax  =,  —Fs2,Ba  =  Fsi  =  — F13,  B3  =  Fia  =  -Fji, 

while  the  Lorentz  force  on  a  particle  of  chwge  q  is  q{E 
V  X  B)i  =  qF*^u^/y.  The  general  fwm  of  the  external 
magnetic  field  of  interest  can  be  expressed  as 


Bi  *  Bio+Biix^-j-Biax^+Biiix^x^+Biiax^x^+Bia'iX^x^ , 


where  all  the  coefficients  Bio,Bao,B9o,Bii,...,B222  rate 
functions  of  x*,  with  Bm  the  dipole,  Bij  the  quadrupole, 
and  Bijk  the  sextupole  components.  The  beam  distri¬ 
bution  function,  f{x'‘,v,*),  satisfies  the  relativistic  Vlasov 
equation,  which  we  express  in  covariant  form  as; 

where  m  is  the  particle  mass.  The  vcdume  element 
du  =  du^du^du^/y  in  the  four-mcsnentum  space  is  in¬ 
variant  under  a  Lorentz  transformation.  Since  the  trans¬ 
verse  coordinates,  x^  and  x^,  we  invwiant  under  a  Lorentz 
transformation,  we  define  an  invwiant  phase  space  vol¬ 
ume  element  under  a  Lorentz  transformation  to  be  dfl  = 
dx^dx^du^du^dt? /y,  and  a  phase  space  average  {X)  = 
f  XfdQ,  with  h  =  f  fdSl.  We  ako  define  a  second 
ordw  cwrelation  function: 


Ktt"]  =  h-^  J  /K  -  <«'•))(«•'  -  (o*'»dn,  (2) 


and  similw  definitions  for  the  third  OTder  correlation  func¬ 
tions. 

The  lowest  moment  of  the  Vlasov  equati(»i  gives 


(3) 
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WUh  Eq.  2  nwltqtlwd  by  «**  and  tbai  integratod 
over  dCi,  we  have; 

^M»V)  +  ^M«V>  =  (4) 


,5) 

Hiere  are  four  indeiMDdent  equaticma  repreaented  in  E^. 
4  and  ten  in  lS<p.  S.  Equatkma  3  to  5  ate  baakally  the 
•ame  as  the  fluid  equations  of  Newcomb^  and  Amendt  and 
Weitsner*,  with  tiM  ad<Utional  averaging  over  the  trans* 
verse  coordinates.  Since  depends  <»  the  transverse 
coordinates,  Eqs.  4  and  5  cannot  be  closed  without  intro¬ 
ducing  the  spatial  monMit  equati<His: 

+  ^h(uV)  =  &(«'),  (6) 

^h<«V*‘)  -H  =  h{uW) 

+  ±h{F*‘*u^z% 
tn 

-I-  h{*V),  (8) 

for  t,  j  =  1,2  cmly. 

Phymcal  meanings  can  be  attached  to  these  moments. 
The  first  order  mmnents  (c*)  and  (x^)  denote  the  cen¬ 
troid  position,  and  and  (u^)  are  associated 

with  the  beam  current  and  d^ity  respectively.  The  sec¬ 
ond  rvder  spatial  owrdations  [x^x^]  with  i,j  =  1,2  define 
the  transverse  beam  envelope  ellipse.  The  second  order 
momentum  cwrelations  [u*’u^]  are  the  thermal  momen¬ 
tum/energy  spread.  The  second  order  cross  correlations 
[z'u*']  are  the  current  and  density  dipole  moments. 

To  allow  easier  numerical  solutirm,  consider  a  new  gen¬ 
eral  variable  y*  such  that  =  1,  =  x^,  y*  =  aP, 

y*  =  u^,f^  =z  «*,  y*  s  «*,  and  y’’  =  u^.  The  twenty-eij^t 

equations  represented  in  Eq.  3  thru  8  can  be  obtained  by 
multiplying  Eq.  1  by  y^y*  and  integrating  over  tKl. 

^A(aVy*')  +  =  r(A,i/)  +  r(v,A)  (9) 

where 

fO,  A  =  l; 

r(A,  u)=^{J  y^u^-^fdQ,  A  =  2  or  3;  (10) 

^  X  /  y^F^-^^u^/dO,  A  =  4  thru  7. 

lb  close  the  second  order  system  of  equations  we  assume 
that  correlatirms  above  second  order  are  sero.  This  still 
allows  third  order  mcunents  to  be  nonsero.  The  closing 
condition  creates  several  equivalent  families  of  indq>endent 


variables:  {h(y*y*'«*)}  Mid  {h(y*y*'t»^)}  where  A  =  1  to  7 
and  V  s  A  to  7,  {A,  (^y"))  where  A  =  2  to  7  and  u  =  X 
to  7,  or  {A,  (y*),  [y'y'J}  adiere  A  =:  2  to  7  and  i/  =  A  -I- 1 
to  7.  Note  ^at  eadi  ad  has  twenty-dght  elements.  The 
natural  set  of  indepenrfent  variables  to  advance  in  time  is 
{h{y^y^u*)).  At  each  cell  in  x*  these  28  variables  describe 
the  moments  of  /  when  correlations  above  second  wder 
are  sero.  To  solve  this  qrstem  of  equations  we  need  to  cal¬ 
culate  A(«*y^y*')  and  r(A,i/)  after  each  time  advance.  We 
need  to  relate  {A(y^y*u'*)}  to  the  84  non-sero  third  order 
moments,  {A,(y^y*'^)}.  We  define  [A,i/)  s  A(y*y^u^), 
and  get  item  the  third  <»dM  correlati<»  functkms, 

[A,  u]  =  Ab^y-tt"!  +  [1,  lj{y^y")  [I,  vl(y^)  4-  (1.  A)(y*') 

-Sll.lKy^Xy-). 

(11) 

With  this  a  moping  ftom  [A,i/]  to  {A,  (y^y'y**)}  is  de¬ 
rived.  Tb  close  the  n’th  order  system  of  equations  we 
assume  that  correlaticHu  above  wder  n  are  sero.  Each 
order  has  a  different  closing  condition,  thus  each  or¬ 
der  has  a  different  mapping  from  {A(y^>y^> •••y^*)}  to 

{A,(y*>y***  ••»**+*>}• 

Fbr  second  and  third  order  systems,  the  ^tems  have 
28  and  84  equations  respectively.  Currently  our  computer 
model  allows  a  fourth  order  system,  which  has  210  equa- 
tions.  The  general  expression  for  the  total  number  of  equa¬ 
tions  in  an  n-th  order  ^tem  can  be  stressed  as; 

n  m<n(S,m) 

1+E  E  c?criT‘. 

msi  <sl 

This  gives  462  for  the  fifth  order,  and  924  for  the  sixth 
order  systems.  Tlie  advantage  <^E<p.(9)-(ll)  is  that  they 
can  be  easily  manipulated  synfodically. 

3.  Space  Charge  Model 

A  space  charge  model  has  been  implemented  to  in¬ 
clude  the  image  charges  of  the  metallic  boundary  and  the 
longitudinal  component  of  the  space  charge  fields.  The 
model  assumes  that  the  charge  density,  p,  can  be  approx¬ 
imated  by  a  two-dimensional  distribution  of  charged  rods 
inride  a  cylindrical  metallic  pipe; 

;v 

P  =  X}«(*s,09(^-*<).  (12) 

iaX 

where  g  is  the  spatial  distribution  function  for  the  fi¬ 
nite  site  charged  rods  whose  location  are  independent  of 
xs.  r^ote  that  g  depends  on  xi,  and  xj,  while  9,-  de¬ 
pends  only  on  xa.  The  diarges  on  the  rods,  qi,  are 
chosen  to  be  conristent  with  the  spatial  moments.  In 
the  second  order  mmnent  system  there  are  six  spatial 
moments,  and  therefore  we  have  N  =  6  and  a  matrix 
equation  to  relate  the  coefficients  qt  with  the  spatial  mo¬ 
ments:  hX  =  MQ,  where  Af  is  a  6  x  6  matrix  whose 
elements  are  of  the  form  /.sP*r9(^  ^  *<)dxidx3,  with 
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k,l  a  1,2  aad  m  -f  n  <  2,  X  and  Q  ate  coluiim  matri¬ 
ces  such  that 

and  =  (fi,  .•••  qt)-  Equatkm  (15)  cut  be  eam^  inverted 
to  express  ft  in  terms  the  spatial  moments. 

The  image  charges  of  these  rods  are  easy  to  determine. 
For  a  charge  rod  located  at  £i  with  a  charge  qt  the  image  is 
located  at  ^  with  charge  — 4<,  where  }P^  is  along  the  same 
direction  outside  the  metallic  cylinder  with  a  magnitude 
a^/|«i|,  and  a  is  the  radius  oS  the  cylinder.  The  electric 
field  due  to  the  charged  rods  inside  the  cylinder  in  the 
beam  frame  can  be  written  as 


N 


N 


<\ 


(13) 


This  result  can  be  transformed  back  to  the  laboratory 
frame.  With  this  simplified  noodel,  the  self-field  contri¬ 
bution  to  moments  invdving  can  be  readily  expressed 
in  terms  of  other  moments  retained  in  the  system  and  a 
close  set  oS  equations  can  be  achieved. 


5.  Results 


The  High-Order  Moment  (HOM)  model  agrees  with 
SAIC’s  "ABBY”^  code,  a  linear  envdqpe  model  for  the 
steady  state  evolution  of  a  monoenergetic  beam.  Tb  test 
the  effect  of  energy  spread  in  the  HOM  model,  we  iigected 
two  monoenergetic  circular  beams  at  r  =  0  with  y’s  <ff 
3  and  3.1,  respectively,  into  a  mismatched  constant  guide 
field.  Each  beam  will  independently  exhibit  betatron  oscil- 
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laibns  in  the  beams  radius  as  a  functicm  oi  the  distance  of 
propagati<Mi,  z.  The  space  charge  model  has  been  turned 
off  to  eliminate  any  interaction  between  the  two  beams; 
the  addition  of  the  results  from  an  envdope  equation  will 
be  the  exact  solution.  Figure  la  shows  the  e]q>ected  beat 
pattern  in  the  (x^z^)  moment  caused  by  the  ^ght  differ¬ 
ence  in  frequencies  of  the  betatron  oscillations.  The  HOM 
model,  when  retaining  up  to  third  order  correlations,  does 
not  capture  this  energy  mixing.  The  average  of  the  two 
betatron  frequencies  developes  in  time  as  shown  in  figures 
lb  and  Ic.  To  c^ture  the  effects  of  this  enagy  spread 
fourth  order  corrdations  must  be  retained  (fig.  Id). 

*  Work  supported  by  DARPA/DSO 
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Fig.  1:  Envelope  solations  for  a  beam  with  energy  spiead. 
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Collective  Effects  of  the  PLS  2  GeV  Storage  Ring 


M.  Yooo,  J.  Choi  and  T.  L«e 
Pobang  Accelerate  Laboratey 
Pohang  Univereity  of  Science  and  Tadinology 
Pohang,  Korea  790-660 


AUtnct 

Cdkethre  effects  of  the  PLS  steage  ring  are  discussed. 
Evahiatkm  of  the  PLS  storage  ring  coupling  impedances 
is  presented.  RF  cavity  Impedances  are  enm>hasised. 
Sini^bundi  threshold  current  is  studied  and  ^gitudi- 
nal  coupled-bunch  instabilties  caused  by  RF  narrow-band 
resonances  are  analysed. 

I.  INTRODUCTION 

Charged  particles  moving  very  fast  feel  negligible  elec¬ 
trostatic  fmce  from  other  partides.  Therefore  relativistic 
bunch  of  charged  particles  can  maintain  its  8hH>e  and  state 
ci  motion  forever  without  any  disturbance.  However,  for 
bunches  moving  imide  a  vacuum  chamber  with  finite  con¬ 
ductivity  and  some  gemnetry,  the  situatkm  k  not  so  per¬ 
fect.  Image  charges  are  induced  <m  the  surfece  of  the  vac¬ 
uum  chamber  and  electromagnetic  field  il  generated  by  the 
beam  bunch  and  the  image  charges  <»  the  vacuum  cham¬ 
ber.  Hus  electromagnetic  fidd  is  called  the  wake  fidd.  Be¬ 
cause  of  the  finite  conductivity  at  the  vacuum  chamber,  the 
wake  fidd  ii  encugy  consuming  and  acts  as  a  disturbance 
to  the  motion  at  the  bunch.  The  disturbing  effects  of  the 
wake  fidd  are  not  only  longitudinal  but  also  transversal  to 
the  bunched  beam  moti<m.  To  describe  these  two  effects 
two  functions  are  defined.  The  longitudinal  wake  function 
lV||(s)  is  defined  as  the  amount  of  energy  lost  by  a  unit  test 
clwge  that  fdlows  the  wake  field  generating  bunch  of  unit 
charge  at  s«ne  Icmgitudind  distance  s  from  a  reference 
position  in  the  bunch.  And  similarly  the  transverse  wake 
toictkw  Wxi»)  k  ddined  as  the  totd  transverse  impulse 
received  by  a  unit  test  charge  that  accompanies  a  bunch 
of  unit  charge{l].  Now  for  the  traveling  bunches,  stable 
motion  k  not  guaranteed  any  more.  The  wake  field  also 
causes  «mgy  spread  of  particles  in  a  bunch  and  increase 
of  the  effective  emittance  of  a  beam.  Since  wake  fields  gen¬ 
erated  hy  a  bunch  do  not  vankh  soon  and  can  spread  over 
a  long  range,  the  trailing  bunches  get  influenced.  Thk  k 
why  smne  kinds  of  coupled  bunch  instabilities  may  occur. 

Therein  designing  accelerators,  it  k  necessary  to  eval- 
nate  these  dktnrtog  effects  and  try  to  find  a  way  of  min- 
imfenug  Aem.  Sometimes  it  k  usdiil  to  srork  with  Fourier 
itaasfonii  of  wake  field  to  frequency,  which  k  identified  as 
the  eouiriing  impedance  of  the  chamber.  When  the  insta¬ 


bilities  are  described  in  t«rms  of  cobnoit  modes  at  a  beam, 
the  concept  of  impedance  k  more  convenient. 

IL  COUPLING  IMPEDANCES  OF  PLS 

The  frequency  description  of  wake  field  k  given  by 
specifying  two  impedances,  kmgitudinal  impedance  Z||(u>) 
whkh  k  a  Fourier  transform  (ff  Wn(s)  and  transverse 
impedance  Zx{u)  which  k  a  Fouritt  transform  ci  Wx(s). 
All  storage  ring  comp<Mient8  are  sources  of  instabilities. 
In  other  wwds  they  have  their  own  inq>edance8;  vacuum 
diambet  resistive  wall,  RF  cavity,  bdlows,  steps,  transi¬ 
tion  pieces,  beam  position  monitors  and  so  on.  The  total 
impedance  of  the  rtrwage  ring  should  be  as  small  as  pos¬ 
sible.  In  the  theories  at  instabilities,  it  k  not  Z{u)  but 
Z{u)/n  that  appears,  where  n  s=  u/uo  k  the  frequoicy 
divided  by  the  revolution  frequency. 

The  impedance  of  the  resktive  wall  of  the  chamber  k  sig¬ 
nificant  at  low  frequencies.  However  at  frequencies  higher 
than  a  few  MHs,  the  impedance  of  the  renstive  wall  di- 
minkhes  and  effectively  negligible.  At  these  high  frequen¬ 
cies,  RF  cavity  k  the  most  inqwrtant  one.  The  cavity  has 
a  fimdamental  resonant  mode  and  higher  frequency  reso¬ 
nant  modes.  Ihe  first  afew  resonant  modes  are  very  sharp. 
These  narrow  band  resonances  are  equivalent  to  long  range 
wake  fields  and  therefrwe  origins  of  coupled  bunch  instabil¬ 
ities.  Each  of  these  sharp  resonances  k  significant  and 
so  has  to  be  specified.  Higbor  frequency  resonances  get 
broader  and  at  suffickntly  high  frequences^  one  can  assume 
that  the  impedance  k  a  continuum. 

To  evaluate  the  impedance  of  the  storage  ring,  we  per¬ 
formed  amplified  model  calculation  for  chambar  resktive 
wall,  bellows,  transition  pieces  and  so  <».  However  for 
RF  cavity  we  need  more  rigorous  method.  The  above 
mentioned  sharp  resonances  will  be  searched  e]q>erimen- 
tally.  And  we  used  TBCI  code  to  evaluate  the  broad  band 
impedance  of  RF  cavity,  which  k  a  big  part  of  the  total 
impedance  budget  of  the  storage  ring.  We  adopted  res¬ 
onator  model  to  iq>proximate  the  broad  band  impedance, 
lb  determine  three  parameters  of  the  resonator  model, 
we  used  longitudinal  and  transverse  loss  factor,  k||(<r)  and 
kx(^)  defined  by 
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M»)  * 

b  die  ebove  fimnuiae,  «r  ie  the  rms  bunch  fength.  By 
w]^  9  and  rannuig  TBCI,  we  can  obtain  graph  of  k’s 
vmua  w.  Then  we  can  determine  the  three  parameters  of 
the  resonator  model  by  graph  fitting. 

Ihble  1  summariaee  the  bngitudinal  impedances  for  PLS 
storage  ring. 


Ihble  I  PLS  Impedance  budget 


Item 

RF  cavity 

0.7 

Synchrotron  radiation 

0.16 

Space  charge 

1.3x10-^ 

Resitive  wall 

0.02 

Steps  and  transitions 

0.17 

Bellows  (unshielded) 

(1.27) 

Bellows  (shielded) 

0.01 

Beam  position  monitors 

0.015 

Ceramic  chamber  coatings 

IxlO--* 

Other  components  and 

safety  margin 

1.0 

The  corresponding  transverse  impedance  can  be  ob¬ 
tained  by  assuming  a  circular  symmetry  of  the  chamber 

For  PLS  with  6=2.5  cm,  we  get 


|Zx|  =  0.286  MQ/m 

III.  THRESHOLD  CURRENT  FOR  SINGLE 
BUNCH 

The  peak  threshold  current  for  the  longitudinal  mi¬ 
crowave  instability  (also  known  as  the  turbulent  bunch 
lengthening)  is  given  by  [3] 

^  2wftilE/e(^<r„y 
'' - 

where  ti  is  the  frequency  slip  factor  (q  »»  a  for  a  highly 
rdativistic  particle  and  a  is  the  momentum  compaction 
factor),  E  the  energy  a  stored  beam,  0  =  v/c,  Op  the 
relative  rms  oiergy  ^read  of  a  beam,  and  |Zp/n|  is  the  lon¬ 
gitudinal  broad-band  coupling  impedance  divided  by  the 
mode  number. 

Threshold  current  as  a  function  of  |Z||/n|  is  shown  in 
Fig.  1.  N<^  that  the  threshold  current  shown  in  Fig.  1  is 
the  average  beam  current  U.  It  is  related  with  the  peak 
current  via 


18  3  4 

LsngitMinal  Braed  Band  CoupNns  knpsdsnos  (Ohm) 


Fig.l  Single  bunch  longitudinal  microwave  threshold  as  a 
fiinction  of  coupling  impedance 

where  oi  is  the  rms  bunch  length  and  R  is  the  effective 
radius  of  the  ring  (i.e.,  R  =  Cjlic,  C=ring  circumfer¬ 
ence).  Fig.  1  also  compares  between  with  and  without 
SPEAR  scaling  [4].  It  is  seen  that  when  the  longitudinal 
broad  band  impedance  is  2  O,  the  threshold  average  cur¬ 
rent  for  a  single  bunch  is  approximately  0.24  mA  without 
SPEAR  scaling  and  3.5  mA  with  SPEAR  scaling.  The 
actual  threshold  current  will  be  some  value  in  between. 

IV.  LONGITUDINAL  COUPLED-BUNCH 
INSTABILITIES 

As  is  mentioned  in  section  II,  narrow-band  resonances  of 
RF  cavities  are  origin  of  coupled-bunch  instabilities.  The 
central  equation  relating  impedance  resonances  and  insta- 
bilities  is  that  of  complex  coherent  frequency  shift,  ^(,a 
for  small  Gaussian  bunches  [5]: 


where 


2iri^u>,  2®(a  -  1)! 


p=s*oo 

pki  +  s  +  av. 


In  the  above  equation,  ki  represents  the  number 
cff  bunches,  s  the  longitudinal  mode  nundier  s  = 
0, l,2---,(k|  —  1),  a  the  oscillation  mode  of  the  bunch 
shape  in  phase  space,  e.g.,  the  dipole  mode  a=l,  the 
quadrupole  mode  a=2,  etc.,  t)  the  frequency  slip  factor,  Jo 
the  average  beam  current,  u>o  the  angular  revolution  fre¬ 
quency,  £o  the  nominal  beam  energy,  u),  the  angular  syn¬ 
chrotron  frequency,  A  the  average  radius  of  a  ring,  and  ffi  is 
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tiMf  itni  bmeii  htafth  m  qpace.  At  this  time  muiiucript 
p(Mf«r«tkn,  the  ftnt  RF  cavity  at  PLS  has  been  deliver^ 
naontlie  afo  but  tlw  fiiU  analysis  has  not  been  carried  out 
yet.  Hiet^bfe  ure  used  the  measured  data  of  Photon  Flac- 
t^,  of  whkh  cavity  is  almost  the  same  as  that  of  PLS.  To 
UM  Eq.  (6),  the  program  ZAP  has  been  inv<Aed. 

Calculated  growth  tunes  for  the  dipole  mode  (i.e.  a=l) 
fee  each  RF  cavity  mode  are  summarised  in  Ihble  II. 


Table  11  Longitudinal  dipole  (a=l)  mode  growth  rate  for 
each  higher-order  mode  the  RF  cavity 


Growth  time  (nnsec)  | 

1  758.2 

■■lllgliFIIIIIIIIIII 

1,302.1 

1161.2 

1,328.0 

62.6 

1,643.4 

0.48 

1,707.7 

9.04 

1,860.5 

49.76 

1,962.4 

381.6 

2,121.5 

43.08 

2,167.7 

196.24 

In  obtaining  the  growth  time  of 'Ihble  II,  total  number  of 
bunches  (ht)  are  assumed  to  be  468  (i.e.,  fill  all  RF  buck¬ 
ets)  and  the  average  beam  current  was  taken  to  be  100  mA. 
The  rms  bunch  length  was  taken  arbitrarily  to  be  5  mm, 
which  is  the  natural  rms  bunch  length  at  2  GeV.  The  rms 
energy  spread  was  taken  to  be  6.8  x  10~^.  It  is  seen  that 
the  mode  number  6  (i.e,  /r/ =1,648.4  MHz)  gives  the  worst 
case.  When  taking  into  account  the  fact  that  there  are  to¬ 
tal  four  cavities  in  the  PLS,  we  expect  that  the  growth 
times  will  be  smaller  than  those  in  Ihble  II.  The  reason 
that  the  mode  number  6  gives  the  smallest  growth  time  is 
because  it  is  this  frequency  which  is  closest  to  the  neighbw- 
ing  coupled-bunch  oscillation  frequency  (pk»  -I-  s  -I-  av,)ua, 
where  p=l,  s=148  and  a=l.  Hi|^er-order  mode  damping 
or  frequency  shift  of  the  RF  cavity  is  therefore  needed  for 
this  mode  and  others.  On  the  other  hand,  we  believe  that 
the  estimation  given  here  is  very  pessimistic,  because  in 
the  calculation  we  have  not  taken  into  account  the  radia- 
ti<Mi  damping  and  the  Landau  damping  which  comes  from 
the  frequency  spread  due  to  the  nonlinear  synchrotron  os- 
cillatkm. 

The  growth  times  and  the  tune  shifts  are  tabulated  in 
Table  III.  Again  one  RF  cavity  was  assumed  in  obtaining 
tins  table.  All  the  RF  buckets  were  assumed  to  be  filled 
out  and  the  average  beam  current  was  taken  to  be  100  mA. 

Ihble  III  riiows  that  f<w  dipole  synchrotron  mode  the  co¬ 
herent  growth  time  increases  as  the  energy  increases  while 
for  higher  synchrotron  modes  it  gets  decreasing.  This  can 
be  easily  explained  with  the  help  of  Eqs.  (6)  and  (7). 
Fcht  dipole  mode,  the  effective  impedance  decreases  as  the 
energy  increases  because  the  increase  in  bunch  length, 
as  seen  in  Eq.  (7).  On  the  other  hand,  for  higher  modes 


Table  III  Growth  times  and  tune  shifts  ftw  the 
fastest-groaring  I<»gitudinal  coupled-bunch  modes  for  468 
bunches  and  100  mA  beam  current 


Energy 

(GeV) 

Mode 

numbn  (a) 

Growth 
time  (msec) 

Time 

shift 

1 

0.34 

-2.94  X  10-^ 

1.5 

2 

49.91 

-5.86  X  10-* 

3 

4,... 

1618 

-1.98  X  10-* 

1 

0.5 

-1.82  X  10-“ 

2.0 

2 

3,4- •• 

48.7 

-3.51  X  10-* 

1 

0.57 

-1.15  X  10-“ 

2.5 

2 

3,4- 

26.5 

-2.48  X  10-® 

(a  >  1),  the  rate  of  the  increase  in  growth  rate  rapidly 
Increases  as  the  bunch  length  increases. 

The  result  indicated  that  damping  mechanism  fre¬ 
quency  shift  of  the  RF  cavity  is  required,  otherwise  the 
growth  time  is  too  small,  less  than  the  radiation  damping 
time.  It  is  also  seen  that  dangerous  RF  modes  are  nxistly 
located  on  the  high  frequency  side.  The  theory  employed 
here  has  a  limitatim  such  that  it  can  not  be  used  for  the 
asynunetric  bunch  configuration,  which  will  be  the  actual 
case  for  the  PLS  in  order  to  avoid  the  ion  tr^ping  prob¬ 
lem. 
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Abstract 

Nmaerical  raralto  ci  the  ncdinear  evcdutioa  of  longitudiinal 
inetabiUtiw  of  bimched  beama  an  pteaented.  Satmation 
elfecta  due  to  the  deccdiennce  (tune  spnad)  an  catefo- 
riied  acecHTdiag  to  the  ma^tnde  and  type  of  impedances. 
New  phenmnenoa  of  non-saturating  instability  (beam 
qtlitting)  is  described. 

I.  Introduction 

Nmilinear  stages  at  devdopment  ct  cohoent  instabilities 
have  been  studied  by  a  few  authcws  /1-3/  in  rdation  to  the 
longitudinalowtabilityofthe  coasting  beam.  Some  numer¬ 
ical  dmnlatkm  studim  wan  carried  out  for  the  bunched 
beam,  with  the  emphasis  on  the  thresludds  of  instabili¬ 
ties  /4/.  Numerical  simulation  results  /!/  indicated  that 
the  longitudinal  instability  of  the  coasting  beam  always 
saturates  and  eventually  decays  due  to  the  effect  of  deco- 
hat»ce.  In  the  present  psper,  we  undertake  a  numerical 
rimulatiim  study  of  the  nonlinear  development  of  the  lon- 
gitndinal  instabffity  of  Imnched  beams.  The  saturatkm  ef¬ 
fects  doe  to  tile  decohermioe  fimn  the  tune  spread  an  the 
primary  objects  of  interest.  Mme  detailed  presentation  of 
this  study  is  availaUe  in  Ref./8/ 

II.  The  model. 


when  time  is  nwmalised  to  make  the  revolution  frequency 
(t»o  =  1,  Ci  (t  =  1,N)  is  the  coordinate  of  the  par¬ 
ticle,  s  is  the  coordinate  the  cmitn  ^vity  at  the 
b«Mnc=^£i;^,C|,  and  9  is  the  amplitude  of  t^  wake- 
field.  The  quantity  t  measures  the  strength  td  interacticm 
in  the  continuous  limit  N  oo,  while  63,  is  2c-paiodic 
f-ftindion.  Frequencies  and  Ut  an  reflectively  the  «yn- 
chrotnm  and  resonant  impedance  frequencies.  The  ctm- 
stant  A  >  0  measures  the  nmilinearity  of  the  RF  potential 
well  and  is  always  small  in  our  study. 

We  will  assume  the  mteraetion  strength  c  together  wUh 
the  tone  spread  <•>«  to  be  small,  Su,  <.  a  (whoe  Su,  is 
the  tune  qiiead  Su,  =  (  <  aui^Ue.  In  the  lero 

tune  spread  limit,  the  complex  coherent  frequency  diift 
s  w  -  w«  can  be  found  (see,  e.g.,  /5/)to  be: 


whoe  the  complex  dfective  impedance  2  =  Zr-^-iZi  is  <fe- 
fined  as  Z  s  Ziyt,),  with  the  regular  frequency-dependent 
impedance: 

”  (2»)*  ^  w*  -f  ia(u  +  n)  —  (u  +  n)* 

For  the  finite  value  of  the  tune  firead,  the  rdevant  (real) 
parameters  that  define  the  ncmlinear  evolution  ate  Sus, 
/{e(A(t>,)  and  /m(Au,).  One  of  these  parameters  defines 
the  units  of  time,  so  that  the  evolution  depends  essentially 
on  two  dimenritHijeas  parametos: 


The  simulation  is  carried  out  fm  the  moddl  that  consists 
at  a  amgle  bunch  interacting  with  a  localised  ringle-mode 
Imqptndinal  wakefidd  undor  the  assumption  of  the  diort 
bundi  length  rdative  to  the  wavefength  of  the  wakefield 
(Long  wavdeagth/  low  frequency  fiproximation  in  the 
analysis  of  Ref./5^: 

*<  +  «?c*  -  Ac?  =  yl^q6t,(t)  (1) 

9  +  a4  +  u^q  =  >/cNi«a,(l) 

bjr  thsUaivsnitiw  RoMardi  Aasodation,  bic.  under 
ceatiact  wMi  tlw  U.S.Dept.  ef  Eatrgjr. 


7;^ 

Su, 

III.  Scenarios  of  evolution. 

The  evolution  in  model  (1)  is  directly  rimulated  by  us¬ 
ing  many  particles  and  implementing  the  dngle-tum  map¬ 
ping.  In  that  mapping,  the  nonlinearity  of  oscillations  A  is 
treated  perturbativdy,  i.e.  the  mapping  for  Cj,  C{  between 
the  j-functional  *kick^  is  that  of  a  linear  oscillator  with 


0-1W)3-1203-l/93SaSA»e  1993  IEEE 


3276 


tlMahiftcd&equaicy.  Hm  number  particles  wm  tskm 
to  be  larfe  enough  to  reproduce  the  continuous  limit.  We 
presoit  in  Figi.l>4  four  charactwistic  cases  of  instability 
evolutkm.  These  cases  ate  representative  of  four  differait 
scmarios  that  we  loosely  define  by  the  relative  strength  of 
instability  (distance  from  the  threshold): 

1)  Stron§  insUMitf  |C,|  >  Cm-,  lCi|  >  Ci«, 

H)  Weak  instaHlUg  |Cr|  ~  Cren  ICil  ~  ^<er 
and  by  the  type  of  impedance: 

a)  Jteactive  itnfedtmce  |Cr|  >  |C||  (or  \Zi\  >  \Zr\) 

b)  Active  impedance  |Cr|  <  |C<|  (or  (\Zi\  <  \Zr\) 
The  quantities  Crtrt  Cier  ve  the  critical  (i.e.corresponding 
to  the  stability  border)  values  defined  by  the  ratio  CrlCi. 
Stability  border  in  Cr,C|-  plane  is  shown  in  Fig.5. 

Examples  of  the  time  dependencies  of  centroid  position 
x(t)  and  emittance  <r(t)  =  ((a^))  (averaged  over  the  parti¬ 
cles  and  the  fast  synchrotron  oscillations)  for  four  different 
scenarios  are  shown  in  Figs.1-4.  Time  scale  is  given  in 
turns,  and  the  scaling  factor  is  the  instability  rise  time  in 
the  absence  of  tune  spread  r^r  —  l//m(Aa;,). 


a  b 

Fig.l.  (a)  Centroid  oscillations  y  =  a(t)  and  (b) 
Emittance  growth  a{t)  for  the  case  of  (Strong  instabi^ 
ity,  Reactive  impedance)  with  Cr  =  4.16,  C,-  =  1.65, 
and  Tgr  =  188.. 


a  b 


Fig.2.  (a)  Centroid  oscillations  y  =  i{t)  and  (b) 
Emittance  growth  <r(t)  for  the  case  of  (Strong  insta¬ 
bility,  Active  impedance)  with  Cr  =  1.18,  Ci  =  4.40, 
and  Tfr  =  142. 

The  centroid  oscillations  in  Figs.1-4  present  itself  a 


fast-oscillating  sinusoidal  signal  (with  the  synchrotron  fre¬ 
quency)  with  a  slow-changing  mvelope.  The  initial  growth 
demonstrates  the  saturation  at  some  level.  After  that,  one 
observes  some  ^parently  random  'turbulent*  oscillations. 
In  the  Strong  instaUHty  regime  the  envelope  of  oscillations 
grows  monotonically  until  the  saturation.  For  the  Weak 
inataWity,  the  envelope  of  oscillations  is  not  a  monotoni¬ 
cally  growing  function  of  time  even  before  the  saturation. 
The  first  maximum  in  the  envelope  of  oscillations  occurs 
early  before  the  saturation  and  is  quite  snail.  It  is  followed 
by  several  more  maxima  of  increasing  amplitude  before  the 
saturation.  The  maximally  attainable  amplitudes  of  cen¬ 
troid  oscillations  are  much  smaller  than  in  the  case  of  a 
strong  instability. 


•  MMMiaaiiniMiiMM  i  MnaaiiMiiMiaiiiiMi 


a  b 

Fig.3.  (a)  Centroid  oscillations  y  =  x(t)  and  (b) 
Emittance  growth  (r(t)  for  the  case  of  (Weak  insta^ 
bility.  Reactive  impedance)  with  Cr  —  1.25,  Ci  =  .49, 
and  Tfr  =  315.. 


a  b 


Fig.4.  (a)  Centroid  oscillations  y  =  i{t)  and  (b) 
Emittance  growth  ^(t)  for  the  case  of  (Weak  insta¬ 
bility,  Active  impedance)  with  Cr  =  .24,  Ci  =  .89 
and  Tfr  =  175.. 

IV.  Beam  splitting. 

The  lib  (Strong  inatahility,  active  impedance)  example  of 
Fig.2  shows  peculiar  non-decaying  and  even  slightly  grow¬ 
ing  oscillations  after  the  saturation.  More  insight  into  this 
behavior  is  provided  by  a  few  phase  space  snapshots  in 
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V.  Discussion  and  conclusions. 


Fig.2c.  Time  lebele  ue  in  the  same  scale  as  in  Fig.2a. 
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Fig.2c.  Phase  space  snapshots  for  the  parameters  of 

Fig.2a  .-uid  b. 

One  can  see  that  the  particles  that  happen  to  be  at  the 
larger  radia  (amplitude  of  oscillations)  at  the  moment  of 
saturation  start  moving  toward  increasing  radia  and  finally 
form  a  distinct  beamlet  that  is  separate  from  the  core  of 
the  beam.  This  beamlet  does  not  decohere  but  oscillates 
with  increasing  amplitude  as  a  rigid  entity  . 

The  results  of  a  special-purpose  series  of  simulations  to 
explore  the  onset  of  beam  splitting  are  presented  in  Fig.5. 
The  beam  splitting  was  diagnosed  by  observing  a  non¬ 
decohering  beamlet  in  the  phase  space. 


Fig.5  State  diagram  of  instability.  I  is  the  beam  split¬ 
ting  region,  II  is  stable  region  and  III  is  unstable,  no 
beam  splitting  region. 

One  interesting  feature  of  Fig.5  is  the  overlap  of  stabil¬ 
ity  border  and  splitting  border  for  negative  Cr-  For  large 
negative  Cr  one  cui  observe  that  the  beam  4o^  not  actu¬ 
ally  split,  but  rather  oscillates  as  a  whole  with  increasing 
amplitude  without  decohering. 

The  border  of  the  beam  splitting  is  a  “soft”  one,  i.e. 
the  percentage  of  particles  tri4>ped  in  the  “beamlets”  is 
approaching  zero  when  approaching  the  border.  In  some 
cases  one  can  also  see  several  “beamlets”  succesively  split¬ 
ting  from  the  core  of  the  distribution. 


The  most  interesting  nonlinear  effect  observed  is  the  beam 
splitting  phenomoiion.  We  suggest  to  explain,  or  rather  in¬ 
terpret  it  as  the  triH[>ped-particie8  nonlinear  modes,  in  ex¬ 
tension  of  a  similar  concept  of  persistent  nonlinear  (BGK) 
waves  in  plasma  physics  (see,  e.g.  /6/).  We  expect  by 
that  analogy  that  in  our  system  a  group  of  particles  can  be 
trapped,  under  certain  conditions,  near  the  center  of  self- 
driven  nonlinear  resonance.  The  elongated  sh^e  of  the 
“beamlet”  in  Fig.2c  corraborates  that  interpretation.  The 
resonant  frequency  will  change  in  time  under  the  influence 
of  (anti)dissipative  impedance  component  Zr ,  carrying  the 
trapped  particles  towards  larger  radia.  The  difference  with 
conventional  BGK  modes  is  in  this  (anti)dissipation  in  the 
system  causing  the  frequency  sliding.  We  suggest  thus  the 
term  “sliding  trapped  (BGK)  modes”. 

Beam  turbulence  is  another  important  class  of  essen¬ 
tially  nonlinear  phenomena.  Even  when  after  the  satura¬ 
tion  of  instability  the  emittance  becomes  large  enough  to 
mdce  a  beam  stable  for  any  smooth  bell-shaped  distribu¬ 
tion,  the  small-scale  “microstructure”  of  the  density  can 
persist  in  the  beam  for  a  long  time,  causing  random-like 
low-level  centroid  oscillations  and  slow  emittance  growth. 

In  our  case  of  fast  synchrotron  oscillations  6ug  ^  Wg 
emittance  growth  can  be  related  to  the  amplitude  of  cen¬ 
troid  oscillations  z  =:  asin(a;if)  through  the  convinient 
scaling  law: 

(5) 


dt 


where  r^r  »  the  instability  rise  time  in  the  absence  of 
the  tune  spread  =  /mlkwD'  ^  theoretical  quasilin- 
ear  “overshoot”  approach  /7/  for  predicting  a{t)  and  A(t) 
was  developed  in  Ref./7/  along  the  same  lines  as  in  the 
coasting  beam  theory  /2-3  /. 
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Abstract 

The  case  of  interaction  of  not  fully  relativistic  multi¬ 
bunch  beams  with  the  fundamental  and  higher  order  modes  of  a 
cavity  is  not  yet  covered  by  existing  codes,  nevertheless  it  is  a 
fundamental  problem  in  the  design  of  RF  guns  and/or  collider 
cavities.  A  simple  model  that  couples  Newton  and  Maxwell 
equatitms,  taldiig  into  account  also  space  charge,  beam  loading 
and  build-up  effects  of  higher  order  modes  under  beam-tube 
cutoff  frequency,  is  presented.  This  approach  is  intended  to  fill 
that  gap,  avoiding  relativistic  approximation.  It  uses  a  current 
density  description  of  the  beam  and  a  slowly  varying  envelope 
^proximation  for  the  time  evolution  of  the  modes  amplitude. 
A  fast  running  code  (HOMDYN),  based  on  this  model  has 
been  developed  and  the  application  to  a  few  typical  examples  is 
illustrated. 


monopole  modes;  an  extended  version  comprehensive  of  dipole 
modes  is  under  development 

The  SVEA  approximation  supposes  small  field 
perturbations  produced  by  any  single  bunch,  that  add  up  to 
give  an  envelope  of  any  mode  field  slowly  varying  on  the  time 
scale  of  its  period. 

Motion  and  field  equations  are  coupled  together  through 
the  driving  current  term. 

II.  THE  FIELD  EQUATIONS 

Expressing  the  electric  field  E  as  a  sum  of  normal 
orthogonal  modes: 

E(z,t)  =  5^  A„(t)  e„(z)  sin(a)„t  +  <l)„(t)) 

n 


Table  1 

Symbol  definitions 


An  =  mode  amplitude 

Lb  =  bunch  length 

en  =  mode  spatial  distri- 

q  =  bunch  charge 

bution  on  axis 

Zh  t  h  =  head,  tail  and  bary- 

(On  =  mode  radian  frequency 

M 

i 

^  s  mode  phase 

R  *  bunch  radius 

On  =  mode  complex  ampli- 

c  =  light  velocity 

tii^ 

iTio  =  election  rest  mas 

Qn  -  quality  factor  of  the 

B  =  average  velocity/light 

mode 

velocity 

Un  =  mode  st(»ed  energy 

J  =  beam  current  density 

Eo  =  peak  electric  field 

Nb  =  n.  of  bunches  in  train 

C.C.=  Complex  Conjugate 

Vr  =  repetition  rate 

I.  INTRODUCTION 

When  treating  the  evolution  of  high  charge,  not  fully 
relativistic  electron  bunches  in  RF  fields  of  an  accelerating 
cavity,  it  is  necessary  to  take  into  account  also  the  field 
induced  by  the  beam  in  the  fundamental  and  higher  order 
modes,  and  the  variation  of  bunch  sizes  due  to  both  the 
extonal  fields  and  space  charge. 

For  single  bunches  the  problem  has  been  already  tackled 
using  PIC  codes,  which  describe  the  bunch  as  an  ensemble  of 
particles  and  track  their  motion,  coupled  to  the  E.M.  field 
propagation.  The  case  of  long  bunch  trains  would  consume  an 
unbearable  amount  of  computer  time  if  treated  by  a  mere 
extension  of  the  single  bunch  case. 

We  have  therefore  devised  a  simple  model  that  uses  a 
current  density  description  of  the  beam  and  slowly  varying 
envelope  approximation  (SVEA)  for  the  evolution  of  the 
cavity  modes.  The  present  version  deals  only  with  TM 


=  +  “nC  )  e„(z) 

with  an  =  (An/2i)  e“l’n  ,  en(z)  =  en(r=0)  and; 

V 

the  equation  for  the  elecaic  field  complex  amplitude  On  driven 
by  a  beam  current  distribution  J(z,t)  in  the  cavity  is  [1]: 


dt^ 


dCCn  .  CD„ 


with  the  normalization  relations: 


Applying  the  SVEA  approximation  hypotheses: 

2 

dan  d  an  2 

«  0)na„  - ^  «  ©nan 


dt 

we  obtain  the  first  order  equation: 


=i^ 


-icorf 


2©nE 


(‘*2Q„)  j  (a,*'") 


dv  -f- 
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The  last  tenn  is  effective  only  in  the  fundamental  mode 
equation  and  accounts  for  a  feeding  sinusoidal  current  of 
amplitude  Kj  representing  a  power  supply. 

The  current  density  term  can  be  written  as  follows: 

I  (I--)--? 

•f  V 

The  evolution  of  the  field  amplitude  during  the  bunch  to 
bunch  interval  is  given  by  the  analytical  solution  of  the 
homogeneous  equation,  which  connects  successive  numerical 
integrations  af^lied  during  any  bunch  transit. 

III.  THE  BEAM  EQUATIONS 

The  basic  approximation  in  the  description  of  beam 
dynamics  lays  in  the  assumption  that  each  bunch  is  represented 
as  a  uniform  charged  cylinder,  whose  length  and  radius  can 
vary  under  a  self-similar  time  evolution,  i.e.  keeping  anyway 
uniform  the  charge  distribution  inside  the  bunch.  The  present 
choice  of  a  uniform  distribution  is  dictated  just  by  sake  of 
simplicity  in  the  calculation  of  space  charge  and  HOM 
contributions  to  the  beam  dynamics.  A  further  improvement  of 
the  model  to  include  gaussian  distributed  bunches  is  under 
way.  According  to  this  assumption,  and  to  the  general 
hypothesis  that  the  space  charge  and  HOM  effects  on  beam 
dynamics  are  perturbative,  we  can  write,  under  a  paraxial 
approximation,  the  equations  for  the  longitudinal  motion  of 
the  bunch  barycenter 

mjrir 

The  evolution  of  the  bunch  radius  R  is  described 
according  to  a  recently  proposed  envelope  equation  [2], 
including  RF-focusing  and  space  charge  effects,  transformed 
into  the  time-domain: 


dR  dp 

+  -r-  -^g(P)  + 

dt  dt 


g(P)-  *'  ^  ~  f(P)-  -^j(3pV-  2TO-.P)+7^-  1-  ^1-  bV*)) 

P 


mj:  2 

+  2  a^„a,,,cos(2(<|>„(tH>,.j)^ 

where  the  two  sums  run  over  the  HOM  modes  (index  n,  n=l 
for  the  fundamental  mode)  and  over  the  spatial  harmonic 
coefficients  as,n  of  each  mode  form  factor 

6n(z)=Znas.nCOS(nknZ). 

The  bunch  lengthening  is  derived  adding  to  the  space 
charge  effect,  as  given  by  [3],  the  Hrst  order  component 
coming  from  fundamental  and  HOM  modes,  which  is  simply 
given  by  the  head-tail  difference  of  the  total  RF  field  acting  on 
the  bunch: 

^ - - (VCtL^+R^-  (-^6+  R))  H 

2e/noy  R^b 

+  -^L„(av(t)e'“"‘  (en(zh)  -  en(z,))  +  C.C.) 
nioY 

In  a  similar  way  ve  derive  the  energy  distribution  inside 
the  bunch  by  specifying  the  energy  associated  to  each  slice 
located  at  a  distance  s  from  the  bunch  barycenter  (zb): 

Y  P.(2:„(«rf<)«““''=n(^b+s)+  C.C.)  + 

+  — ^  (V(-»Lp)%R^-  (^6  +  R)) 
e.7RXb  ^ 


IV.  FIRST  RESULTS. 

To  test  the  validity  of  the  simulation  we  have  ^plied  the 
computation  to  the  case  of  a  SOO  MHz  single  cell  lesonatOT, 
computing  the  mode  frequencies  and  field  distributions  by  the 
SUPEKFISH  code.  Starting  with  the  case  of  a  train  of 
relativistic  rigid  bunches  and  assuming  an  extreme  set  of 
parameters  to  shorten  the  time  scale  of  the  phenomena  (7^100, 
q=400nC,  Q=102- Nb=10.  Vr=500  MHz.  UoiO=0.138  J, 
Uoi2=0- 1)  show  in  Fig.l  the  evolution  of  the  electric  Held 
seen  by  bunches  during  transit  in  the  cavity.  In  Fig.23  the 
stored  energies  and  field  phases  of  TMqio  shown  for  two 
different  injection  phases.  Notice  the  transition  from 
absorption  to  emission  regime  after  3  bunches  in  the  TMqxq 
mode 


where  Ia  is  the  Alfven  current  (17  kA),  en  the  rms  normalized  Induced  energy  in  T^lO  (Fig.4)  and  in  TM012  (Fig-5)  are 
beam  emittance  and  the  RF  average  focusing  gradient  Ky  is  compared  for  a  relativistic  (y=5)  and  non-relativistic  (y=2) 
given  by-  (<1=^6  nC.  Q=102,  Nb=200.  Vy=125  MHz.  Uoio=0  J, 

Uoi2=OJ). 
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Figure  1  -  Electric  field  seen  by  bunches,  dashed  lines  are 
TMoio  TM012  Helds,  full  line  is  the  superposition  of  the 
two  modes. 
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RF  DEGREES 

Figure  4  -  Induced  energy  in  TMqio  is  compared  for  a 
relativistic  (i^S  full  line)  and  non-relativistic  dashed  line) 
beam. 


1000.  2000.  3000. 
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Figure  2  •  Stored  energies  of  TMqio  for  two  different  injection 
phases,  full  line  <|io=-90,  dashed  line  (|>o=-60. 
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Rgure  3  -  TMqiq  (riiase  evolution  fOT  two  different  injection 
phases,  full  line  clashed  line  0o==-6O. 


RF  DEGREES 

Figure  S  -  Induced  energy  in  TM012  is  compared  for  a 
relativistic  (*|^S  full  line)  and  non-relativistic  (‘1^2  dashed  line) 
beam.  (RF  on  the  scale  of  TMqio  period) 
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Abstract 

Generation  of  various  ^Mce^harge  waves  due  to  kxalized 
perturbations  on  the  beam  paiametes,  namely  the  velocity, 
density,  and  current,  is  rqnrted.  Analytical  solutions  of  one¬ 
dimensional  fluid  equations  under  such  peturbations  are 
presented  and  conqmed  with  the  experimental  results. 

1.  INTRODUCTION 

The  study  of  longitudinal  instabilities  in  space-charge 
dominated  beams  is  an  on-going  research  program  at  the 
University  of  Maryland  [1].  It  has  significant  importance  to 
high  current  beam  acceleration  and  tranqnrt  such  as  in  the 
case  of  induction  linacs  for  heavy  ion  fusion  drivers  [2].  As 
the  first  phase  of  the  [vogram,  we  study  the  generation, 
jaopagation.  and  edge  rdtection  of  space-charge  waves  dim  to 
localii^  perturbations  in  an  environment  without  instal^ity. 

The  behavior  of  qpace-charge  waves  has  been  long  studied 
in  the  fields  of  microwave  gmieration  and  particle  acceleration 
[3,4].  The  underlying  physics  is  well  kno^  when  beams  are 
pmurbed  by  sinusoids!  signals.  In  order  to  study  beam 
physics  of  kmgitudmal  instability  and  beam-wave  interaction, 
it  is  d^irable  to  generate  space-charge  waves  in  the  form  of 
localized  perturbations  instead  of  sinusoidal  signals.  There  is 
very  little  informatian  about  this  in  the  literature. 

In  the  eiqieriment  we  found  that  the  qnce-charge  waves 
generated  by  localized  pmturbations  have  various  forms, 
dqiending  on  bow  qiecific  beam  parameters  are  poturbed.  In 
gmieral  two  qrace-diarge  waves  have  different  amplitude  and 
polarity  under  the  initial  vehxhy  and  densi^  perturbations.  It 
is  <»ly  in  some  special  cases,  the  two  q»ce-cluuge  waves  are 
genmted  with  the  same  amplitudes.  Thm  are  also 
conditions  under  wUch  the  two  space-charge  waves  degenerate 
into  one:  a  fast  wave  only  or  a  slow  wave  only.  The 
eiqimmentBl  results,  analytical  solutions  and  a  comparison 
between  die  two  ate  rqxxted  in  this  piper. 

n.  EXPERIMENTAL  RESULTS 

The  experinmntal  setup  consists  of  a  short  pulse  electrcm 
beam  injector  [5]  and  a  5-m  long  periodic  solenoid  focuring 
channel  [6].  Tim  electrcm  beam  is  generated  by  a  gridded 
electron  gun.  The  initial  pnturbation  is  introduced  to  the 
beam  by  modulating  the  ^d  pulse  with  a  small  bump  as 
shown  in  Fig.  1.  Iliis  corresponds  to  a  positive  velocity 
perturbation  on  die  beam  particles,  which  in  turn  jHoduces  the 
initial  ctensity,  or  current  perturbations  at  different  values 
depending  on  the  gun  operation  conditions.  The  various 
spacooharge  waves  in  the  form  of  localized  perturbaticms  are 
then  generated  and  propagate  on  the  beam.  The  beam  currem 
and  enmgy  can  be  meaaired  along  the  charnel  for  ttialysis. 


*  Rcuach  Sofiported  Ity  the  U.S.  Dqiertment  of  E  sigy. 


Fig.l.  Grid-cathode  pulse  of  the  electron  gun,  showmg  a 
perturbation  bump. 

Figure  2  shows  the  beam  current  waveforms  measured  a 
2  diffaent  locations  rt-’-'g  the  tranqiort  charnel.  Two  current 
waves,  namely,  die  sIC'  snd  fast  waves  ^;)pearing  in  the  beam 
current  waveform,  are  generated  in  almost  equal  amplitudes  and 
cpposite  polarities,  and  propagate  ^»rL 


Fig.  2.  Beam  current  waveforms,  showing  tha  two 
current  space-charge  waves  with  almost  equal  amplitudes  and 
opposite  polarities  prcqiagate  away  from  each  other. 

Figure  3  shows  that  only  erne  fiat  wave  with  a  positive 
polarity  generated  on  the  beam  current,  which  prcqiagates 
toward  the  beam  front  By  cemtrast,  Hg.  4  shows  only  one 
slow  wave  with  a  negative  polarity  cm  the  current  waveforms, 
which  propagates  toward  the  beam  tail. 
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1^.  3.  Beam  current  waveforms  with  only  one  fast 
waive,  pfopagaiing  towards  the  beam  front 


Fig.  4.  Beam  corrmit  waveforms  with  only  one  slow 
wave,  propagating  towards  the  beam  tail. 

figure  5  shows  the  qnce-diarge  wave  signals  from  an 
beam  energy  analyzer,  Where  the  beam  particles  with  an  oiergy 
above  the  beam  average  energy  pass  through  the  energy 
analyze  and  frum  the  bumps  the  traces.  On  the  top  trace, 
only  one  fast  vdodty  wave  appears,  ootresponding  to  the  case 
in  Rg.  3,  while  (»  the  bodom  trace  only  one  slow  wave 
qjpears,  careqxmding  the  case  in  Fig.  4.  Ota  the  fourth  trace, 
two  vdodty  waves  with  almost  the  same  amplitude  appear, 
that  is  close  to  the  case  in  Fig.  2.  Other  traces  show  that  one 
velociQr  wave  is  thmiituint  ovto^  another. 

m.  ANALYTICAL  SOLUTIONS 

In  order  to  interpret  the  experimental  observations,  the 
cold  fluid  model  has  been  miq)io^.  The  space-charge  waves 
are  stdved  in  the  time  domain  for  a  localized  perturbation 
instead  of  in  the  frequency  domain  for  a  sinusoidal  wave.  The 
qiecific  sotntkms  vmdet  the  given  initial  and  boundary 
conditions  are  dbtShied  instead  of  mgenmode  solutions  from 
diqiersion  equations.  All  possible  initial  conditions  of 
v^)ciQr,  densiqr,  and  current  perturbations  occurred  in  the 
experhneni  ate  tatei  into  conskkration. 


Hg.  S.  Velocity  waves  measureo  ,  beam  energy 
analyzer,  showing  the  change  from  a  fast  wave  to  a  slow  wave 
when  the  perturbadon  conditions  vary  in  die  gun. 


The  one-dimensioiial  fluid  model  consists  of  the  linearized 
continuity  equation  and  momentum  transfer  equation: 


dX. 


dv. 


3v. 


e 

nry" 


H  ^1 
4*e^m7^ 


dz 


(1) 


where  X(z,t)  and  v(z,t)  are  the  line  chaige  density  and  the 
particle  velocity,  the  subscripts  0  and  1  rqiresenting  the 
unperturbed  and  perturbed  quantities,  respectively,  Ez(z,t)  is 
the  longitudinal  ^trical  induced  by  the  a.  c.  conqxment 
of  the  beam  current,  which  equals  to  (-^iKoT^XdXi/dz)  under 
the  long  wavelength  condition,  g  is  a  geometric  frctor  of  ordo* 
unity,  and  e/(m7^)  denotes  the  ratio  the  charge  and  the 
"kmgitudmal  mass"  of  the  charged  particles. 

By  applying  the  double  Lq>la»  transformations  both  fm 
the  qiace  z  and  time  t,  defined 

r(k,  s)  =  Jdz  Jf(z,t)c“^'“'*^“^dt 

0  «  ,  (2) 
where  f(z,t)  is  a  function  rqiresenting  vi(z4),  Xi(z,t).  or  ii(z,t) 
-  the  potuibed  beam  current,  Eq.  (1)  tl^  can  te  converted  to 
algebra  equations  for  vj,  X]  and  ii  in  the  k-s  domain. 

FurtliCT,  we  consider  the  following  initial  and  boundary 
conditions:  a).Thete  is  no  perturbation  anywhme  along  the  z- 
axis  when  t<0;  b).  At  z^O  for  t>0'^  a  local  velocity 

perturbation  is  introduced  to  die  beam  in  the  form 


v,(0.t)  =  avj,G(T) 

where  a  is  a  small  qumitity  to  specify  the  strength  ttf  die 
perturbation,  ruid  G(x)  is  the  unit  gate  fiction  d^^ed  by  die 
difference  of  two  Heavyside  unit  stq>  functioiis 


G(T)  =  U(t)-U(t-x)  . 

t 

c).  Assume  the  initial  current  perturbation  has  the  ftxm 


(4) 
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IV.  DISCUSSION 


i,(0.t).pioG(x)  ^ 

with  ^  as  a  anaU  quauiiy  to  qncify  tlie  pertutbttioa  strength. 
ItodioR,  the  initU  den^  peftiotatioa  tt  detennu^ 

^,(0.t)=0-o)XoG(t) 

Thw,  the  pertnibed  beam  paiametcn  am  be  fiMind  as 


X,(k,s) 


(s  +  kvo)  -k*c* 


[av^^^(P-a)c^,}  +  avq(v^-c;)k^ 


(7) 


2  2  2 
(s  +  kVo)  -k  c. 


1(1 -e-^ 


and 


Tj(k.  s)  =  VgXjCk.s)  +  XQVj(k.  s) 


(8) 

(9) 


Here  Cg  is  the  so  odled  "sound"  velocity  of  space-chmge  waves 
and  defined  as 


C,= 


cg^O 

4jtme(jY' 


(10) 


Inveise  Laplace  transforms  yield  the  perturbed  beam 
density,  velocily  and  ament  in  the  real  time-qiace  domain  as 

X|(z,  t)  =  -  (p- 


According  to  (13),  the  two  current  waves  have  the 
same  amplitu^  with  the  opposite  polarity  only  when  p«0, 
ix.  wiihom  an  initial  current  perturbidion.  This  is  the  case  in 
Fig.  2.  When  P/oeKl-t-Vf/Cg),  only  one  fast  wave  is  generated 
as  in  the  case  of  Hg.  3.  When  P^as(l-V|/c,),  only  one  slow 
wave  survives  as  shown  in  Fig.  4. 

Rg.  6  shows  the  relative  amplitude  of  the  velocity  waves. 
i.e.  the  ratio  of  the  velocity  wave  amjditude  over  tte  initial 
preturbation  amplitude  avg,  versus  the  qumitity  p/a  for 
C|/voi4).l.  It  is  only  at  the  point  A  where  ^oal  indicating 
the  initial  density  perturbation  is  zero,  die  two  vdodty  waves 
have  the  Mme  pdarity  and  the  same  relative  anqditude  of  1/2. 
Elsewhere,  the  two  velocity  waves  have  different  anqriitudes, 
even  differeitt  polarity  when  |p/a|  is  large  enough.  The  sum 
of  the  two  amditudes  is  always  1,  ix.  the  initial  perturbation 
amplitude,  as  eiqiected.  The  slow  wave  vanishes  completely 
at  p/otsll,  while  the  fast  wave  vanishes  at  P/ocs-9.  This  is 
compared  with  the  scope  traces  in  Fig.  5. 


Fig.  6.  Relative  velocity  wave  anqditude  vs.  poturbation 
parameters. 

V.  SUMMARY 


'  a-(p-o)^ 

L  oj 


^a  +  (P  “)vq]gj*-(v,+c.)1]<‘') 


o 

•wn 

1 

’“^0 

2  1 

L 

(12) 

(t) 


*or“%  „  (P-a)c. 
^-^+P+ — 


J''I»-(V0-C.)TJ 

^[*-(''o  +  ®.)‘]^^^  (13) 


Here  the  two-dimensional  unit  gate  function  is  defined  as 


The  generation  of  qnce-cbarge  waves  doe  to  localized 
perturbations  to  the  beam  parameters  is  studied  experimentally 
and  analytically.  Various  forms  of  space -charge  waves  have 
been  observed  and  they  ate  the  solutions  cX  the  fluid  model 
Good  agreement  between  the  theory  and  experiment  has  been 
found. 
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AkHnet 

A  new  method  to  generate  the  gmeral  multipote  rep- 
reaentation  the  three  dimenaional  atatk  fidd,  deetrie 
<»  ma^Betk,  is  obtained  via  a  aealar  potoitial  evaluated 
from  Uie  aridtrary  q>ecilled  aonree.  Aa  an  i^plkatkm  of 
thia  fommlation,  a  previoady  deactibed  3-D  electric  Add 
decompoaitioo  method  haa  been  further  gmerdiaed  to  the 
magnetic  field. 

1.  INTRODUCTION 

Rq>reaenting  an  arbitrary  three-dimenaioaal  vectm  fidd 
tequirea  enewmoua  amount  of  infwmation.  lfultq>ole  ex- 
panaioa  ia  the  natural  and  effidmt  way  of  re|»eaenting  a 
field  with  aymmetry.  A  good  example  ia  the  fidd  from  a 
quadrupole  magnet  which  cemaiata  of  a  large  quadrupole 
component  with  relativdy  amall  fringe  fields.  Then  the 
nnltipole  expanaion  coSvergea  rapidly  and  from  the  aym¬ 
metry  oi  the  magnet  geometry  it  can  be  easily  seen  that 
certain  multipoles  does  not  occur. 

Few  a  static  fidd,  dectric  or  magnetic,  the  Green^  func¬ 
tion  b  well  known,  and  the  multipde  coeffidents  can  be 
dderminedfrmn  the  aonree  the  ^Id.  For  a  electiostatic 
problems  the  potential  at  the  dectrode  is  usually  given  and 
the  charge  density  can  be  obtdned  by  the  c^|>acity  matrix 
tedmiquefl]  without  sdving  for  the  fidd  everywhere.  F<» 
the  magnetostatic  proUem,  the  current  source  is  usually 
given. 

In  this  report  general  multipde  deconqKmtka  method 
for  the  static  vacuum  fidd  from  an  ailntrary  source  is  pre¬ 
sented.  In  section  II,  the  multipole  expansion  of  the  fidd  is 
defimd  and  the  method  of  generating  its  coeffidmts  from 
the  Green’s  frmetion  is  described.  Seetkm  III  shows  the 
result  from  its  ^plication  to  a  snnple  magnet  geometry. 
A  sununary  and  ccmclusion  is  given  in  Sec.  IV. 

2.  MULTIPOLE  EXPANSION 

Static  vacuum  fidda,  dectric  or  magnetic,  can  be  repre- 
smted  by  a  scalar  potential.  The  scalar  potential  can  be 
expressed  in  terms  multipoles  which  exploit  the  polar 
qrmmetry  of  the  system,  llie  c<mvergence  of  the  expan- 
don  dq>ends  <m  tte  qrstem  of  interest,  however,  most  of 
siiiq>le  designs  such  as  quadrupoles  or  sextupoles  have  a 
single  dominaat  omqKment  in  addition  to  the  many  small 
other  mnltipole  terms.  Then  the  fidd  can  he  accurately 
represented  by  keeping  a  few  leading  terms. 

*  Wwfc  sqppoctsd  bjr  the  Director,  OUce  ot  Energy  Reeeerch.  Of. 
Cm  of  ftsrien  ^wgjr,  U.S.  Dept,  ct  Energy,  under  Contrect  No. 
DfrACOn-TSSFOGOM. 


The  multiple  coefficients  Mk,i(s)  ot  the  potential  d  are 
defined  in  cylindrical  coordinates  system  by 

00  oo 

HpAz)  =  YiT.  Af».»(z)p‘cos(W)  (1) 

kwtO  ImO 

tot  the  system  of  up-down  symmetry.  No  r-axk  opan- 
sion  is  performed  and  is  calculated  at  numerous 

locations  in  z. 

The  source-free  vacuum  potential  d  satisfies  the  Laplace 
equation  (V’d  =  0)  and  thus  the  Afk,i  observe  the  follow¬ 
ing  recursion  rdation: 

=  (2) 

where  double  prime  denotes  the  second  derivative  with  re¬ 
spect  to  r.  In  order  for  d  analytic  near  the  (wigin, 
the  rdation  k  >  I  >  0  and  k  —  I  —  even  must  be  true 
for  non-sero  coefficients.  The  entire  ensemble  ot  multi- 
pole  co^ewnts  can  then  be  determined  from  Mt,i  and  its 
r— derivatives. 

Since  the  field  can  be  determined  from  the  Green’s  func¬ 
tion  which  is  analytic  away  ftom  the  source,  it  is  posnble 
to  dec(Hnpose  the  Green’s  function  into  multipoles  and  the 
total  multipde  coefficients  are  obtained  by  integratkHi  over 
the  source. 

Electric  potential  d  from  the  charge  distribution  G(x') 
is  given  by  (setting  dxe,  — » 1) 

d  =  ydx'G.(x,x')Q(x')  (3) 

where 

G.(x.x')  =  p:i?i- 

Away  frmn  the  charges  the  Green’s  function  G  is  in¬ 
finitely  differentiable,  and  it  is  in  principle  possible  to 
compute  the  multipole  coefficients  Mtj  by  differentiating 
equation  (1).  Hence  the  multipole  coefficient  of  the  elec¬ 
trostatic  field  at  the  origin  has  the  form 

Af».,  =  y’dxif*,,(x)Q(x)  (5) 

and  the  explicit  expres«<»  of  Ktj  is  given  in  the  Table  1. 

The  magnetic  field  is  deterimned  from  the  current  source 
I  by  Biot-Savart’s  law  (setting  Po/dx  —*  1), 

B  =  -  ^  dx'G„(x,x')xI(x') 
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«HMie  Out  is  Uw  Gnen’k  ftmctioo  for  the  msfiietic  field 
sad  its  emdicit  form  ii  givea  by 


whoe 

r=|x-x'|. 

Afla  soBM  algebra  the  multipole  ooeflkiait  Mk,i  of  the 
nMgaetk  iMd  at  the  ot|pn  can  be  recast  as, 

Mk,i  =  -  /  rf*  [^1  i.(*)  +  Kl.t  /»(*)  +  ^(*)1  («) 

with  the  explicit  form  of  the  vectw  coefficients  Kk,i  given 
in  the  Table  3. 

Tbe  seroth  order  coefficient  Afo,o  is  determined  by  the 
integral  ak«g  the  s-axis 

iWb.o(x)  =  -  B,(r')dx'. 


3.  COMPUTATIONAL  RESULTS 
It  is  straight  forward  to  evaluate  the  multipole  coeffi¬ 
cients  fk»n  the  expressions  (5)  and  (6).  In  principle  mui- 
tip<de  coefficients  ai  all  orders,  still  exact,  can  be  obtained 
from  the  method  above,  however,  in  the  present  work  the 
expanskm  was  truncated  at  10*^  order  since  the  number 
of  coefficients  increases  by  the  square  of  the  mder  and  the 
expansion  usually  c<mverges  nq[>idly  for  the  typical  system 
ot  interest. 

The  coefficients  are  made  dimensicmless  by  choosing  the 
scaling  length  ot,  iq>erture  radius  a  and  the  proper  scalar 
potential  value  at  ^e  ^rture  radius  and  0  =  0,  i.e.: 


10  10  j 


(7) 


ftsO  ksO 


Ikst  rum  made  for  an  electrostatic  quadrupde  show  an 
exact  match  to  the  previmis  calculation  unng  the  Differ¬ 
ential  Algebra  (DA)  technique  [1]  except  the  computation 
time  is  reduced  by  at  least  two  orders  ci  magnitude.  Typ¬ 
ical  computatkm  times  spent  for  the  extraction  of  the  co¬ 
efficients  up  to  tenth  order  is  less  than  1  second  on  a  Cray 
cmnputer  (XMP)  inmi  the  charge  nodes  of  5000  points. 
Calculation  of  the  charges  (m  the  nodes  which  involves  the 
inversion  of  the  c^iacity  matrix  takes  about  800  Cray  cpu 
seconds  as  before.  For  the  magnetic  multipole  expansion, 
tvro  test  runs  are  presented  for  simple  geometries.  Case 
one  is  the  sinqifo  Helmholts  c<^  consisting  oS  two  identical 
circular  rings  d[  radius  a  separated  by  the  equal  distance 
a.  Axi>qniimetry  o(  the  field  pves  sero  coefficients  except 
the  Mkfi  for  even  k.  This  is  an  excellent  example  showing 
advantage  of  the  multiped  expansion  since  only  a  few  coef¬ 
ficients  are  needed  to  describe  the  3-D  vector  field  at  fixed 
s.  Figure  1  diows  the  non-sero  mnltipde  coefficients  up 
10**  order.  Thoo^  not  plotted,  the  axial  magnetic  field 
at  the  axis  can  be  obtained  from  the  s-derivative  Mo,o 


and  the  sk^  of  the  Mo,o  in  the  plot  is  seen  to  be  nearly 
constant  as  expected. 

A  second  case  is  the  simple  magnetic  quadrupde  made 
of  current  elements  shown  in  Figure  2.  A  angle  unit  cf 
current  is  flowing  on  the  arc-shiq>ed  current  elements  of 
aperture  radius  a  and  two  units  d  curroit  are  on  the 
straight  segment  running  akmg  the  s-axis.  The  length  of 
the  straight  section  is  chosoa  to  be  the  same  as  the  aper¬ 
ture  radius  (a)  so  that  a  rich  content  of  multipdes  from 
the  fringe  field  is  produced.  Fhun  the  symmetry  of  the 
current  geometry,  all  the  multipole  coefficioits  with  /  other 
than  t  +  4k  tot  »■  non-negative  integer  k  are  sero.  Figure 
3  shows  the  non-sero  multipde  coefficients  of  Uie  ample 
test  current  distribution  of  the  quadrupole  in  the  Figure  2. 

5.  CONCLUSION  AND  DISCUSSION 
The  general  multipole  expansion  method  of  the  static 
field  is  preaoited.  The  previous  multipole  calculation  of 
the  three-diroenskmal  electrostatic  field  from  the  arbitrary 
dectrode  geometry  [1]  has  been  generalised  to  the  mag¬ 
netic  field.  In  addition,  using  synbolk  algebra,  instead 
ot  differential  algebra[2],  each  multipole  coffilcioit  is  ex¬ 
plicitly  calculated,  hence  the  confutation  time  is  reduced 
substantially  (by  a  factor  of  hundred  or  peater),  which 
makes  this  method  practical. 
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Table  1.  Electric  multipole  coefficient  Kh,i  at  origin 
firom  a  unit  source  at  x.  Here  r  =  + 


Ko.o  =  ^ 
Kx,i  =  ^ 


if  a, 3  = 


3(«»-y») 


4r» 
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Fig.  1  -  Multipole  coefficients  of  the  Helmhcdts  up  to  10** 
order.  All  none-axuymnietric  coeflkknts  are  sero.  In 
Helmholts  coil,  axial  separation  of  the  identical  rinp 
is  equal  to  their  radius  (o). 
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Fig.  2  -  Current  distribution  in  a  simide  quadrupole  gecunetry. 
A  sin^  unit  of  current  is  on  the  arc  shiq>ed  elememts 
and  two  units  ot  current  is  on  the  straight  section  in 
order  to  prevent  charge  accumulation. 


Fig.  3  -  Multipole  coefficients  Afs.i  for  the  simple  quadrupole 
geometry  in  Figure  2.  The  length  of  the  straight  sec¬ 
tion  element  k  chosen  to  be  the  same  as  the  aperture 
radius.  From  the  symmetry,  coefficients  of  /=  0, 1,  3, 
4,  5,  7,  8,  and  9  are  sero. 
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Mvlti-Bunch  Be«iii-Break>Up  StHdiea  f<Nr  a  SWFEL/TBA* 

HJirakeC*)  AAf^esskr  lod  DJLWhittmnO*) 

Unmooe  Bericdey  UdxiaiQiy 
IMvenity  of  CriifonBa.  Bakeley,  CalifoniU  94*^ 


Abstract 

A  att  of  lannMieff  muikaiziag  BBU  is  obtained  for  a 
high  cusett,  low  eoeify  "drive  beun"  in  a  ttandlog  wave  free 
dectnm  laser  two-beam  acceleratioo(FEL/TBA).  A  large 
lednctioo  in  the  tnmsverse  wake  frsKtioo  is  (Stained  by 
making  the  cavity-iris  junctioo  gradual  by  means  of  a  cone. 
BBU  is  examined  under  various  BBU  reduce  sdieraes. 


For  kmg  cavities  the  transverse  momentum  kicks  are 
determined  by  die  junctkm  condidons  only,  resulting  in  the 
same  amount  (tf  momentum  kick  for  a  cavity  regardless  (tf  the 
length  of  the  cavity. 

BBU  calculations  were  perf(»med.  with  various 
BBU  reduction  schemes,  using  the  parameters  in  TaUe  1. 


I.  INTRODUCnCH^  TaUe  1.  Parameters  of  a  SWFEL  for  I7J  GHz  with 

cylindrical  cavities 

Muld-bunch  beams  have  been  shown  to  exhibit 
unstable  transverse  beam  dynamics  due  to  cumulative 
transverse  wake  fidds.  The  purpose  of  this  work  is  to  design  a 
cavity  of  low  transverse  walm  and  to  produce  a  set  of 
optimized  parameters  minimizing  BBU  for  a  high  current,  low 
energy  "drive  beam”  the  SWFEL/TBAfl  ,2].  Thephysicd 
set-op  is  shown  in  Figure  1. 


n.  BASIC  BEAM-BREAK-UP  EQUATIONS 
A  HieMbdd 

Let  the  planar  wiggler  magnetic  fields  lie  in  the  y-z 
plmie  as  indicmed  in  Figure  1,  with  the  particle  wiggle  in  the 
x-z  plane.  These  wiggle  oscillations  in  a  cylindricd  cavity 
excite  the  TEup  PEL  mode.  The  beam  dynamics  in  die 
wiggle  plane  and  that  perpendicular  to  it  can  be  treated 
sqiarately  as  a  first  onto  approximation.  In  this  paper  we 
High  GrvcHent  Structure  ctmsider  BBU  in  the  y-direcdon,  as  that  is  the  most  severe 

case. 


Low  Energy 

Electron 

Beam 


....  ,  Reacceleration 
I  Unit  I 

iUFSnrPIkl  r^i 

liyj^x  Cavity  ^ 


High  Enegy  I 
e+  or  e>  | 
Beany  t  -i  i 


Drift  Tube^ 

.ConnecBfiS 


Rgurel.  Sdiemadc  diagram  of  SWFEL/TBA 


Standing  waves  can  be  obtained  by  making  the  irises 
small  enough  that  the  FEL  mode  is  below  the  cutoff  fipequency 
of  the  iris  modes.  This  requires  a  large  change  in  radius  at  tire 
juncdoo  betwem  the  cavity  and  iris,  resulting  in  large  wakes. 
The  wakes  can  be  dramad^y  redu^  by  introducing  a  cmre 
juncdoo  (nuddng  the  juncdoo  gradual). 

*  The  work  wu  supported  by  the  Dheclor,  Office  of  Energy 
ReteBch,  Office  of  I^h  Energy  nd  Nucleer  Physics,  Division  of 
High  Energy  Physics,  of  the  U.  S,  DqMutment  of  Energy  under 
Contrwt  No.  DE-AC03-76SF00098. 

(«)  Pemument  addren:  Tedmische  Ihiiversitat  Bedin,  Institute  fiir 
Theoretische  Electroteduiik,  Einsteinufer  17,  D-1000  Berlin 
10,  Oermany 

(b)  Pfennnent  address:  Acceleralor  Dqwrtment,  National 
Laboratory  for  High  Energy  Physics  (KEK),  1-1  Oho. 

Tsukuba.  Ibaraki,  305,  Japan 


Assuming  tme  macro  particle  pm*  bunch  and  equal 
placing  between  bunches  the  transvmse  displacemeius,  of 

the  j-th  bunch  widi  energy  ^  can  be  rqwesented  in  a  standard 
BBU  form. 

where  z  is  the  axial  coordinate  in  cm,  sb  is  the  distance 
between  bundles  in  cm,  W  is  the  transvmse  wake  funcdon  in 
cm'^.  /  is  the  average  current  in  z  in  kA,  and  lo^mc^le 
=17.05  kA. 

B.  Analydc  Estimates 

Fot  a  purely  sinusoidal  wake  funcdon,  W  =Wo 
ztnfov  z/c)  the  oscilladon  amplitude  of  displacements  of  the 
j-th  bunch  can  be  esdmated  using  the  discrete  Laplace 
Transftmnadmi  as  in  Reference  [3].  If  only  die  first  bunch  is 
diq;daced. 
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RpdBctkn  is  BBU  cm  bo  trbiiiifffil  to  f*"»f****  wikst,  hifhor 

f  K0.  •  8BMHB«  '  CoHHJQti  IBQ  SBQRBir  QBVlOv  HD^BafS  • 

Tte  itoDO^  in  itoto*  to  from  0  ib^  stanotdal 
imve.  AnrfiniieqMMi9totorj2toiliecaviQr,araay4iead 
intoto^^QrofitotmfcBsioducMthoomplitnfo  toloiigBU.  b 
this  cam.  we  on  mdooe  BBU  to  the  MfflM  oatot  eoeivy  FEL 

by  nudch^  the  pabe  ki^  longer,  since  to  01141m  eitogy 

FELs  depeoA  on  to  ebatge  ^  to  pulse.  If  we  take  bto 
acooum  to  quality  totor  to  wake  potential  is  redSiced  by 
-(»,/fiX*/c) 

e  '  .  utoie  (»r  is  to  wake  modes,  and  to 

ViMin  m  leduced  by  the  «imw^  fsctor.  b  to 

pnaence  of  fteqnency  spread  Ad>  of  to  wake  potential,  to 
diaplaceineots  are  also  reduced,  although  dqiireidiiig  on  to 

model,  loaghlybyto  totm  «  (4«X*/c) 
m.  TRANSVERSE  WAKES 


For  a  Oanssian  bunch  of  1  Coukxnb  efectraos  wib 
width  o.  to  transverse  whke  of  to  d4)to(m«f )  mode  m  an 
ideal  pOl-boK  qdindrical  cavity  can  be  evaluated  as  following. 


ll'(r-a..).-^-^Ja^.-**««'g  /jg.) 


where  v,y,«<4i^c,  ijmiig  the  cavity  mode  fitequencies. 
etao/R  and /h  are  zeros  to  Besad  fonmiai // and  w  is  the 

comjdexenorfoE^stioa’  For  to  cavity  of  Rgure  2(a)  with  o« 
5  mm.  to  wake  shown  b  Figure  2(0*)  can  be  iqnodoced  wib 
SO  modes. 

Wake  ftmctioos  are  obtained  for  a  cylinder  of  radios 
IJ  cm  and  lengb  87  J  cm  usmg  ABCI  [4]  for  be  dipole 
modeCmxf).  Transverse  wakes  for(a)a8tq>puictioncavity 
and  (b)  a  cone  junction  cavity  are  sb^  m  Figure  2.  By 
nudc^  to  junctions  gradual,  a  dramatic  redocticm  m  to 
waifces  is  achieved  fm  be  gradual  junction  effectively 
fabtoduces  spread  m  frequencies  of  wake  modes,  resulting  m 
similar  wake  fnnctimis  as  in  a  de-tuned  structure  [S]. 
SmootUi^  the  cmners  of  be  step  junctions  does  not 
adequately  reduce  to  wake.  Doe  to  computational  limits,  we 
have  obtidned  wdres  only  q>  to  5  m.  Since  wib  reasonable 
Q  values,  to  wtos  at  large  s  should  damp  away,  we  have 
assumed  to  traices  beyond  J  m  to  be  n^ligilde. 

Fm  long  cavities  to  transverse  momentum  kicks 
depend  only  on  to  junction  conditions  aid  are  indqiendeiitm 
to  caviar  kt^bs.  The  reason  for  bk  is  tlrat  for  long  cavities 
to  wakes  me  siqieipositiootf  to  individual  wakes  genermed 
(beiototwojoncdons.  This  has  been  verified  numerically 


Rgure  2.  Cylindrically  symmetric  cavity  wib  abnqa  junction 
(a)  and  gradual  junction  wib  a  2cm  cone  (b).  Also,  be 
transverse  wdees  fiv  a  Gaussian  bunch  (T^S  mm  are  shown 
wib  abnqX  junctions  (a*)  and  gradual  junctions  (b% 


for  to.monopok  (msO)  longitudinal  wakes[61.  We  believe 
babe  same  prop^qildies  for  the  dipde  transverse  wdees 
as  wdL  Thus  longer  cavities  reduce  to  trmisverse  kidc  per 
unit  lengb. 

A  reappearance  of  be  large  amplitude  wake 
oscillations  near /.7m  of  Rgure2(b')  occurs  roughly  a  twice 
to  kiigb  of  to  cavity.  Tha  is  lil^  to  first  wake  generated 
by  be  signal  charge  reflected  back  to  be  entrance  of  be 
cavity.  To  pub  to  reqpearaice  of  be  large  oscillatitms 
further  away  in  s,  one  mi^  either  malm  to  cavity  longer  or 
be  cone  tranation  longer.  The  reappearance  of  these 
oscillations  are  commonly  observed  wib  discreteness  of 
frequencies  and  discontinuities  in  frequency  distribution  [S]. 

IV.  NUMERICAL  BBU  RESULTS 

Using  be  wake  functions  of  Figure  2(b').  we  have 
integrated  be  basic  model  equation  nnme^ally  using  be  4-b 
orda  Runge-Kutta  method.  Uniform  displi^ments  (tf  the 
pulse  wae  assumed  as  an  initial  conbtian. 

The  maximum  amplitudes  of  a  JOO  nsec  pulse  of 
17.1  GHz  are  shown  in  Hgure  3  wib  respect  to  device 
lengths  for  be  parameters  presented  in  Tbk  1.  Assuming 
n^ligiUe  wake  beyond  5  m,  the  beam  diq>lacements  are  small 
for  a  6Dm  device  but  become  too  large  for  a  iOOm  device  as 
town  in  curve  A  of  Rgure  3. 
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HgureS.  Mudmam  diqriaoemeats  of  a  700  Ajtfc  pulse  at  the 
dm  of  exiting  the  device  as  a  function  of  device  length,  for 
the  wakes  sho^  in  Rgure  2(b').  Shown  ate  the  diq)la^ents 
(A)  with  ignoring  wakes  beyond  s*3  m,  (B)  with  BNS 
damfdng  ttf  a  2%  increment  in  yCs).  (Q  widt  ignoring  wakes 
s^l.74  m,  (D)  with  Q^lOO,  and  with  2%  spread  in 

kp. 

Now  we  consider  some  possible  damping 
mechanisms.  First  consider  BNS  damping  [8].  The  idea  is  to 
compensate  that  wdce  by  increasing  or  decreasing  the  energy  of 
dm  bunch,  thus  introdocing  a  smaU  change  to  kp  with  s. 

The  sign  of  die  slope,  kp  with  s,  is  crucial.  However,  with 

either  an  mcrmnent  (B  in  Figpe  3)  or  decrement  of  Y(s)«  we 
obtainonly  a  sU^reducdon  in  BBU. 

Next  we  assumed  that  the  wake  b^ond  1.74  m  is 
n^^gible.  When  we  sec  the  wakes  beytmd  7.74  m  to  zero  (C 
in  Rgme  3),  then  an  external  Q»100  is  introduced  instead  of 
zernng  Ae  wakes  bqrond  7.74  m  (D  in  Figure  3).  Thesegave 
the  same  good  results  indicating  virtually  no  growth  for  100  m 
device.  Lastly  we  introduced  some  spread  in  kp.  With  2% 

spread  in  i^,  all  transvase  modon  are  damped  out  (E  in 
I?giBe3). 


(where  the  bar  is  used  for  mi  ms  val^  is  too  maD  to  reduce 
BBU  to  an  accqitable  levd.  This  dilemna  can  be  dimmoed 
by  introducuig  strong  focusing  in  die  drift  regioo  to  minimize 
BBU  (which  does  not  affect  die  powa  extracdoe  performance). 

The  BBU  resubs  pieaeitted  hoe  can  be  considered  as 
a.t  i9pa  limit  since  we  did  not  take  into  accoimt  tfaewiggfor 
motion.  Also,  we  bdieve  that  the  BBU  can  be  controlled 
better  with  irctangulw  cavities  since  we  have  more  freedom  to 
change  the  junction  conditions.  Nevertheless,  even  with  the 
excessive  eoimate  of  BBU  obtained  in  this  woric,  we  can  find 
suitable  SWFEL  parameters  as  can  be  seen  in  Reference  fT]. 
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V.  DISCUSSION 

The  transverse  dynamics  (tf  the  beam  depends  on 

stron^y.yiddingsmallaBBUforlargaYA:^.  The  laesented 

BBU  results  are  for  ykp*2  J0  cm’^.  On  the  otha  hand  the 

ffoctnation  level  of  ou^t  powa  amplitude  and  phase,  in 
beam  energy,  depends  strongly  on  Fbr77.7  GHz  the 

best  sensitivity  is  obtained  around  ^*0.16.  Fa  a  pulse  of 
IkA,  too  nsec,  a„^1.4  is  all  that  is  needed  to  obtain  an 
catpvteaiugycitlKntlOJ/n^  With  such  parameters,  and 
with  natnral  FEL  foenring  alone  .  the  value  jkp  = 
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Abstract 

The  thewy  of  RF  noiae-induced  diffusion  is  reconsidered 
to  account  for  the  coherent  nature  of  the  noise,  when  all 
particle  are  affected  by  the  same  random  force.  The  re¬ 
sulting  small-scale  spatial  fluctuations  ("microstructure”) 
of  the  beam  denrity  are  analysed.  The  power  spectrum  of 
the  fluctuations  is  calculated. 

I.  Introduction 

The  theory  of  the  longitudinal  density  diffusion  due  to  RF 
noise  was  studied  by  several  authors  /2-5/.  That  analy¬ 
sis  however  ignored  the  fact  that  all  the  particles  in  the 
bttnch(es)  are  affected  by  the  same  realisation  of  the  ran¬ 
dom  force  (what  can  be  termed  a  coherent  random  driv¬ 
ing).  Instead,  a  conventional  Brownian  motion  problem, 
with  statistically  independent  forces  for  different  particles, 
was  considered.  In  the  present  piqier,  we  derive  the  condi¬ 
tion  when  this  substitution  is  justified  in  the  sero-order  ap¬ 
proximation.  We  investigate  as  well  the  first  order  effect, 
which  turns  out  to  be  the  formation  of  the  "microstruc- 
tuie” ,  i.e.  the  diort-wavelength  spatial  fluctuations,  of  the 
beam  density.  More  details  of  the  calculations  can  be  found 
in  /6/. 

II.  Model. 

We  consider  the  general  form  of  the  Hamiltonian  of  non¬ 
linear  oscillator  with  a  random  driving: 

H  =  ^  +  giq)  +  hiqm  (1) 

where  g{q)  is  an  arbitrary  nonlinear  potential  and  ((f)  is, 
for  ^plicity  yet  without  loss  of  gmerality,  chosen  to  be 
the  white  noise,  i.e. 

_ ^(0>  =  «(<-0  (2) 

'Operated  by  the  Univeiritiee  Reeeaidi  Anodation,  hic.  under 
contract  with  the  UJS.Dept.  of  Enafy. 
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The  evolution  of  the  density  distribution  is  governed  by 
the  Vlasov  equation: 

dt  \dq  dq^^^J  dp  ^^dq~^ 

The  statistical  properties  of  the  fluctuating  quantity  /  are 
appropriately  defined  by  the  ensemble  average  of  the  dis¬ 
tribution  function: 

/(P.«.0  =  (/(P.9.0>{f}  (4) 

and  the  corrdation  function  of  the  density  fluctuations  in 
the  adjacent  phase  space  points: 

f((p,q,p,q,*)~ 

((/(f.  q,  0  ~  /(p,  q,  0Xf(p>  f .  0  -  /(P,  q,  0)){()  (5) 

We  limit  ourselves  with  considering  only  the  same-time 
rarrelator  K  and  study  therefore  only  the  spatial,  but  not 
the  time,  correlation  properties  of  the  fluctuations. 

The  further  anal3rsis  will  be  using  the  action-wgle  vari¬ 
ables  J,  'f  of  the  unperturbed  {h{q)  =  0)  Hamiltonian  (1), 
which  will  be  assumed  to  be  known.  The  perturbed  Hamil¬ 
tonian  H  in  these  variables  has  the  form: 

H  =  Ho{J)  +  V{J,q!)iit)  (6) 

where  V(/,  ♦)  =  h{q{J,'9))  and  Ho{J)  are  known  func¬ 
tions. 

III.  Evolution  equations. 

Both  the  average  density  /  and  the  correlator  K  are  evolv¬ 
ing  in  time.  We  will  derive  the  evolution  equations  for  both 
quantities  using  basically  the  conventional  techniques  of 
thjp  theory  of  stochastic  differential  equations  /!/.  It  had 
been  shown  previously  /2-4/  that  the  evolution  of  the  av¬ 
erage  density  obeys  the  Fokker-Planck  equation.  The  evo¬ 
lution  of  the  density  fluctuations  however  has  never  been 
studied. 

In  the  action-angle  variables,  the  mean  and  the  correlar 
tor  are  given  by:  /  =  /( J,  ♦,  f)  and  K  =  K{J,  ♦,  J,  ♦,  f). 
We  will  also  use  the  notation  ^  =  ^  ■\-<p  and  compressed 
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noUtkMM  fbr  tlie  phase  ^ace  coordinates  (1)  s  xu  = 
(/,V)  ud  (2)  s  CM  s  {J,%).  Thking  the  differaitiaUy 
nnall  time  meiemmit  At,  one  obtains  the  dwivatives  of 
the  avwage  denuty: 


nt-*o  At 


and  the  corrdator: 


^  =  iffo  St  +  (/(l)A/(2)) 

+(A/(l)A/(2))-/(l)(A/(2))- 
-/(2)(A/(1))  -  (A/(l))<A/(2)))  (8) 

where  the  increment  of  the  d^sity  A/  =  /(t  +  At)  —  /(t) 
can  be  expressed,  due  to  the  conservation  of  the  phase- 
q>ace  density,  as 

C) 

The  increments  of  the  phase-space  variables  Act  in  time 
At  cut  be  obtained  from  the  stochastic  equations  of  mo¬ 
tion.  The  second  order  terms  in  Ac  were  kept  because 
of  the  properties  of  the  white  noise,  where  the  average  of 
quadratic  terms  AxiAxj  produces  a  linear  in  At  terms. 

The  evolution  equation  for  /  after  the  substitution  of  the 
averages  in  equation  (8)  that  can  be  calculated  by  standard 
techiques  from  the  relation  (9)  and  equations  of  motion, 
becomes  the  conventional  Fokker-Plank  equation: 


at  V 


d^v  av 
aja9  aj 


ai^vav 
ap  a* 


-«(^)  (10) 


.  fa*vav  (Pv  af  i  (av\^  spf 
aj  a^aj  a^)  aj'^  2  \aj) 

\(av\^aPf  avav  dPf 
■*‘2Va«y  ap  a^aja^aj 

where  V  ^  V{J,  '¥).  For  the  correlator  K,  one  obtains  an 
evolution  equation  that  is  coupled  to  the  mean  /: 

aK  _  f  a^v  av  a*vav  .  a  ax 

at  ~  \aja9  aj  ap  a^  V  a*  '  ^ 
(dPvav  dPv  av\aK  ifavVePK 
Va*’  aj  a^aj  a^)  aj'^  2  \aj)  a«» 
iravVaPK  avav  spk 
■^2Va*J  aj»  a^aja^aj 
(  apv  av  ePvav  n^aK 
Vaja*  aj  ap  at  "'*'7  a* 

(aPvav  (Pv  aK\  aK  1  lav'^tPK 
■‘‘vaF^'afaJaf/ a7'''2  vajy  a*> 

1  (av^iPK  avav  aPK 
■^2  Va* /  ap  ”  a'F  a/  a^aj 


X  (av'^aPK  avav  a^K 
■^2  Va* /  ap  ”  a'F  a/  a^aj 
lava?  dPK  1  av  av  aPK 
■^2  a*  a*  ajaj  ~  2  a^aj  ajan 
lavav  (PK  lavav  aPK 
2  aj  MaiaJ  2  aj  aj  a^a'F 


where  V  =  V{J,  #). 

On  the  Imig  time  scale,  or  similarly  in  the  small  noise 
/  fast  oscillations  regime,  one  can  avwage  the  dq>en- 
dence  ai  all  quantities  along  the  unpoturbed  trajectories 
J  =  const,  9  =  w(J)t.  This  ^proadmation  is  wdl  known 
und«  the  name  oi  “avttaging  of  fast-oscillating  variabfeir 
in  the  theory  of  Fokker-Plank  equaticms  (see,  e.g.  /I/).  It 
was  also  implemented  in  the  previous  studies  of  the  aver¬ 
age  denrity  diffusion  in  the  paq>ets  /2-4/.  Hie  resulting 
averaged  Fokker-Plank  equation  becomes  the  well  known 
diffusion  equation,  /2-4/ 


^-±fn 
at  aj 


where  the  diffusion  intensity  Dj  is  given  by; 

D4/)  =  ((AJ))  =  53n»|V„|»  (13) 

n 

where  Vn  are  the  harmonic  amplitudes  in  the  Fourier  ex¬ 
pansion  of  V  in  the  2c  periodic  variable  9.  For  the  corre¬ 
lator  the  phase-averaged  evolution  equation  is: 

w  =  <“<•')  - 

4.F  rr  J  4.  A  4.  F  rj  J- 

where  we  introduced  the  phase  difference  ^  #  and 

the  functions  Dj,Df,Fj,  are; 

Dj(J)  = 

n 

ST 

n 

FAJ,J,<P)  =  '£n^VniJ)V.niJ)e*’''^  (15) 

n 

IV.  Asymptotic  solution. 

In  the  absence  of  noise,  the  solution  of  equation  (14)  is 
trivial  as  only  the  first  term  in  the  r.h.s.  survives.  The 
correlation  “decay”  or  rather  decohere  due  to  the  phase¬ 
mixing  as  ff(f)  =  i:j„A’m(/)e‘(’"^+'™-<'>*>  where  KM 
ate  the  Fourier  amplitudes.  For  nonzero  but  small  noise 
If  ^  }P  the  time  scale  of  decoherence  r  ~  l/Ac  (where 
fjf'  and  tr  is  the  r.m.s.  value  of  J  for  the  distribution 
/)  is  much  riiorter  than  difffusion  time  scale  ~  Fur¬ 
thermore,  the  correlation  “injection”,  that  is  provided  by 
the  inhomogeneous  term  in  (14),  varies  only  on  the  slow 
time  scale.  As  a  result,  one  has  a  quasistationary  equilib¬ 
rium  correlation  density  that  is  the  balance  between  the 
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•lowly  changiiig  "iiyection”  of  COTrelations  aad  their  fast 
decay. 

To  analyse  the  quasistationary  solution,  we  drop  the 
time  derivative  of  in  equation  (14).  Another  simplifi¬ 
cation  ccHues  from  noticing  that  the  correlator  K  is  the 
largest  at  a  small  spatial  scale  q  =  J  —  J,  where  the  “deco- 
herence”  term  (first  term  in  the  r.h.8.  of  equation  (14))  is 
small.  Expanding  all  the  coefficients  in  the  equation  (14) 
to  the  leading  order  in  q  and  keeping  only  the  dominant 
derivatives  in  q  yields: 

where  the  quantities  A  =  Dj  =  Dj(J)  and  Rn  = 

n^|V^(«f)P  depend  on  J  as  a  parameter.  For  the 

nonsero  harmonics  of  if  in  ^  one  obtains: 

inXqKn  +  2Dj  +  Rn  =  0  (17) 


For  the  power  spectrum  of  the  fiuctuations  Kn  = 
sir  I^oa  •^n  (?)«***  the  resulting  equation  is  of  the  first 
order: 


nX^-Djk^kn+RnS(k)  =  0 

(18) 

and  allows  an  explicit  solution: 

=  {  -ff 

if  nkX  <  0 
otherwise 

(19) 

This  is  the  central  result  of  our  analysis.  The  "correlation 

radius  "  9e  is  9e  ~  small  noise/large  nonlin¬ 

earity  the  "correlations  radius”  is  small,  which  corresponds 
to  the  short- wavelength  fluctuations  ("microstructure”)  of 
the  beam  density. 

A  special  feature  of  the  spectrum  (19)  is  its  disconinuity. 
It  is  easy  to  see  that  this  discontinuity  is  the  manifestation 
of  the  long  ~  1/q  "tail”  of  the  correlator  K.  Indeed,  for 
large  9  C  fe  the  second  term  in  equation  (17)  becomes 
much  smaller  than  the  first,  and  one  obtains  I/9  tail.  It  is 
possible  to  obtain  a  more  general  expression  for  the  "tul” 
9  >  9e  not  limited  by  the  condition  9  <C  7  by  keeping 
the  same  terms  of  the  primary  evolution  equation(14)  (i.e. 
the  first  term  in  the  r.h.s.  and  the  inhomogeneous  term) 
without  expanding  in  9.  The  resulting  expression  for  the 
correlator  "Uul”  is: 


K  (J  J  -  *w)v:(j)  df(j,t)f(j,t) 
n(w(J)-«(7))  dJ  ~~dJ~ 


(20) 


The  most  important  quantity  characterising  the  fluctua¬ 
tions  is  thrir  intensity,  which  is  the  value  of  the  correlator 
K  at  q  =  0,  and  can  be  calculated  by  integrating  the  spec¬ 
trum  kn.  The  resulting  intensities  P„  =  iifn(O)  are: 


P  m  -  r(i/3)  Rn{J) 

(nA(J))a/3Dy®(J) 


(21) 


Thus,  the  fluctuations  intensities  are  of  the  order  Pn  ~ 
and  will  be  small  for  small  noise  /large  nonlinear- 
ity. 

V.  Conclusions. 

We  presented  the  evolution  equation  formalism  for  the  cor¬ 
relation  function  of  the  density  distribution  fluctuations 
in  the  nonlinear  oscillator  under  the  influnce  of  "coher¬ 
ent”  (same  for  all  particles)  noise.  For  the  weak  noise/ 
large  nonlinearity  of  oscillations  the  fluctuations  are  small 
and  short-ranged.  The  mechanism  of  the  loss  of  correla¬ 
tions  is  related  to  the  "decoherence”  of  oscillations  due  to 
amplitude-dependent  frequency  of  oscillations,  and  since 
it  is  not  a  regular  dissipative  mechanism,  the  correlations 
demonstrate  a  long  ~  I/9  tail  in  the  energy  difference. 
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Abstract 

At  FNAL,  bench  measoiements  of  the  longitadinal 
impedance  of  variont  beam  line  e<Hnponents  have 
been  perfonned  nnng  ettetched'vrixe  methods.  Two 
network  analyser(NWA)  calibration  procedures  have 
been  imfdement^  and  tested  in  an  effort  to  im* 
prove  the  accnracy  of  these  mcasnrements.  The 
methods,  Thm>Short-Delay(TSD)  and  Thm*Refleet- 
Line(TRL),  each  named  for  their  respective  calibrar 
tion  standards,  are  mathematical  procednres  to  ex¬ 
tract  the  S-parameters  of  a  test  device  from  NWA 
measurements  which  include  the  effects  of  measure¬ 
ment  llxtntcs.  The  implementation  of  both  these 
methods  has  been  tested  and  compared  on  c<nnpnter 
models  of  the  test  device  and  measurement  Sxtnres, 
whose  S-parameters  can  be  exactly  computed.  The 
TRL  method  has  been  found  to  be  more  general 
and  less  suseeptiUe  to  measurement  errors.  Appli¬ 
cation  of  the  TRL  method  to  actual  stretched-wire 
impedance  measurements  has  yielded  accurate  results 
for  a  high-Q  resonator  test  device. 

1  Introduction 

The  objective  of  this  work  is  to  recover  an  equivalent 
impedance  for  a  given  device-under-test(D17T)  using 
a  bi-directional  reflectometer,  otherwise  known  as  a 
network  analyser(NWA).  The  basie  algorithm  con¬ 
sists  of  applying  an  incident  wave  to  the  DUT,  which 
is  characterised  as  a  general  two-port  network,  and 
measuring  the  vector  voltages  scattered  into  the  for¬ 
ward  and  reverse  directions.  The  resulting  data  are 
used  to  calculate  S-parameters.  The  measurements 
are  complicated  by  the  foot  that  transitions  must  nec¬ 
essarily  occur  between  the  NWA  and  the  DUT,  which 
are  known  as  launchers,  rinee  they  represent  the  el¬ 
ements  which  effectively  launch  vraves  at  the  DUT. 
The  diagram  in  Figure  1  is  a  schematic  representa¬ 
tion  of  the  measurement  setup.  Launchers  A  and  B 


are  general,  linear  networks  representing  the  effect  of 
these  transitions,  i.e.,  the  errors  occuzing  in  the  S- 
parameter  measurements  of  the  DUT.  The  influence 
of  error  networks  A  and  B  must  be  calibrated  out 
of  the  external  measurement  data  in  order  to  acen- 
ratriy  evaluate  the  S-parameters  of  the  DUT.  Uring 
standard  cirenit  analyris,  it  is  possible  to  recover  the 
effective  longitudinal  impedance  of  the  DUT  from  the 
de-embedded  S-parameters. 


Figure  1:  Measurement  network 

In  this  work,  TOUCHSTONE,  an  RF/Mierowave 
drenit  simulator  available  from  EESof,  Inc.,  is 
used  to  rimidate  an  actual  DUT  with  a  ficequency 
dependence  similar  to  that  ea^ected  for  a  reso¬ 
nant  cavity.  TOUCHSTONE  produces  S-parameters 
for  the  modd  cavity,  and  both  the  Thru-Short- 
Dday(TSD)[l]  and  Tlim-Reflect-Idne(TRL)[2]  de- 
embedding  procedures  are  em^oyed  to  recover  the 
model  dreuit  parameters  from  simolated  measure¬ 
ments. 

2  Calibration  Standards 

At  FNAL  a  stretched-wire  instrument  has  been  de¬ 
signed  to  perform  bench  measurements  of  the  S- 
parametezs  of  various  beam  line  components.  The 
length  of  the  instrument  can  be  extended  easily. 
Thus,  this  instrument  is  appropriate  for  calibration 
by  the  TSD  or  TRL  methods,  and  so  both  these 
methods  ate  implemented  at  FNAL  using  FORTRAN 
codes.  The  standards  required  are  described  bdow. 

THRU(or  LINEl)  is  a  length  of  transmisdon  line 
with  the  same  chasKtezistic  impedance  as  the  DUT 
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ridt  of  A  uid  B.  b  the  limpleet  ease  the  THRU  is  a 
fBnet  ccNUMCtiMi  between  A  and  B. 

DlH«AY(ot  LINE2)  is  an  identical  bat  hmgei  tians* 
ndadon  Mae.  Foi  measozement  teaolntion  the 
dUhieaee  in  length  between  DELAY(LINE2)  and 
'raRU(LINEl)  most  be  leas  than  half  a  wavdength 
tot  the  freqaeney  range  of  inteiest.  Best  lesolts  ate 
obtained  near  a  quarter  wavelength. 

SHORT  is  a  perfect  short  with  Sn  s  Sn  s  —1  and 

Eu  *  flii  =  0. 

REFLECT  is  an  nnknown  reSection  (poasibljr  an  im> 
perfect  short)  with  no  transmission,  where  s 
Sn  ^  7  Ett  ss  Sat  —  0. 

i 

In  order  to:  (i)  Investigate  the  relative  capabili¬ 
ties  and  restrictions  of  both  methods,  and  (ii)  Test 
the  validity  of  both  FORTRAN  codes,  the  'KD  and 
TRL  methods  can  be  applied  to  compater  generated 
models  of  the  DUT,  the  laonchers  and  the  calibration 
standards. 


3  TOUCHSTONE  Model 

lb  aecomidish  the  objectives  listed  above  data  files 
with  simulated  S-parameter  measurements  were  gen¬ 
erated  by  TOUCHSTONE.  These  data  ties  contain 
*measuzements”  from  perfect  NWA  califerations  us¬ 
ing  the  above  standards.  Several  launcher  models 
with  increasing  order  of  complexity  were  consideted. 
The  basic  concept  was  to  perform  a  sensitivity  analy¬ 
sis  by  succesnv^  introducing  losses  and  asymmetry 
in  the  launcher  models  and  eompazing  the  effect  on 
the  simulated  TSD  and  TRL  calibrations.  Nonideal 
effects  were  also  introduced  in  the  modd  calibration 
standards,  shown  in  IkUe  1.  Line  losses  and  imper¬ 
fect  shorts  were  investigated  in  the  simulated  calibra¬ 
tions. 

The  most  complex  of  these  simalated  measure¬ 
ments  featured  modds  of  the  stretched  wire  launch¬ 
ers  with  asymmetry.  This  indudes  a  tzansitioa  ftom 
the  80  ohm  coaxial  caUe  input  to  the  stretched 
wire,  which  forms  a  coaxial  line  with  eharaeteristic 
impedance  neat  380  ohms.  Lumped  dements  incot- 
poiate  the  change  in  enter  conductor  diameter  and  an 
estimate  of  matching  zesistot  pazadtks  from  a  previ¬ 
ous  TOUCHSTONE  optimisation  of  a  teal  measure¬ 
ment. 

In  all  of  the  simulated  calibrations  the  DUT  is 
a  modd  of  a  cylindrical  ^box  cavity  with  cen- 
tetwize(TEM  mode)  plus  two  modes  (850MHs  and 
1850MHs)  relevant  to  the  calibrated  fr^nency  range 
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TbUe  1:  Calibration  Standards 


(400MHs-1200MHb).  This  device  exhibits  a  shunt 
resonance  at  850MHs. 

Using  the  calibration  standards  from  Tbble  1,  a 
comprehensive  set  of  TOUCHSTONE  data  files  sim¬ 
ulating  NWA  measurements  were  generated  for  the 
launcher  modds  and  DUT  described  above.  The 
S-parametezs  for  the  DUT  ate  known  directly  from 
TOUCHSTONE.  These  can  be  compared  to  the  de- 
embedded  S-parametezs  obtained  by  sncccssivdy  ap¬ 
plying  the  TSD  and  TRL  algorithms  to  the  aforemen¬ 
tioned  TOUCHSTONE  daU  files. 

4  Summary  of  Results 

Results  of  the  simalated  calibrations  yield  the  fol¬ 
lowing  compatison  of  TSD  vetsus  TRL  effectiveness 
in  de-embedding  the  known  S-parametezs  for  the 
modd  DUT.  Ndther  method  is  affected  by  introduc¬ 
ing  losses  in  the  launchers,  while  the  TSD  method 
shows  noticable  performance  degradation  with  the 
impodtion  of  even  minor  asymmetry  in  the  launch¬ 
ers.  The  effects  of  imposing  an  imperfect  short  and 
simulated  losses  in  the  calibration  line  standards  far¬ 
ther  degrades  the  performance  of  the  TSD  method, 
whereas  the  TRL  method  remains  viztnaUy  immune 
and  provides  aeeuzate  results  in  all  cases. 

6  TSD  V8  TRL  De-embedding 
via  Cavity  Measurements 

As  a  final  test,  both  the  TSD  and  TRL  algo¬ 
rithms  were  ^p^ied  to  data  obtained  by  conduct¬ 
ing  stretched  wire  measurements  on  a  RF  cavity.  In 
each  ease,  once  the  8-parametezs  are  extracted,  the 
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fanpadMct  of  tko  cavity  is  ealealatod  based  on  tbs 
mstbod  dssesibod  la  [>].  Resalts  fbc  tbs  TSD  eali- 
bmtkm  an  sbovn  ia  fljians  >•>,  while  tbose  fi»  tbe 
TEL  caUbcatiMi  an  sbowa  ia  figans  44. 

Tbe  sapetimity  of  tbe  TEL  aietbod  is  most  easily 
evideat  ia  tbe  pban  of  tbe  cavity  impedaace,  wbicb 
sbowa  a  liaeat  phase  vaiiatioa  with  freqaeaey  ia  tbe 
TSD  can,  bat  is  ccmstaat,  as  eipcetod,  ia  the  TEL 
nsalts.  Ibis  diffenaco  is  appanatly  doc  to  tbe  a<m- 
ideal  Kaos,  which  an  mon  naKstkally  takea  iato  ae- 
eoaat  ia  the  TEL  algorithm.  Sack  aoaidcal  effects 
am  Bioet  imp<»taBt  f(»  tbe  measanmeat  of  low  lorn 
DDT’s,  BBcb  as  the  RF  cavity  choaea,  eapeoally  dt 
lescmaace. 


6  Conclusions 

ImplemeatatioBs  of  tbe  TSD  aad  TEL  algnitluns 
have  boea  iavariigated  by  a  systeaiatic  scries  of  tests 
ariag  attiSdal  data,  nie  TEL.  eaUbcatum  laetbod 
has  piovea  to  be  tbe  aistbod  of  choice  Cm  stntcbcd 
win  impedaace  measanaieats  of  beam  liae  devices, 
nis  has  beea  coalinBed  by  i^^lyiog  bolb  awthods 
to  BMasonmeats  oa  a  EF  cavi^. 
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Ak$tnet 

A  fast  Iransveise  instability  with  beam  loss  has  been 
dbswved  in  the  800-MeV  Los  Alamos  Proton  Stcwage  Ring 
(PSR)  when  the  iigected  beam  intoitity  reaches  2  to 
4x10^  prcAons  p«  pulse.  Previous  observations  indicate 
that  the  instabOi^  is  most  hkdy  driven  by  Sections 
trapped  within  the  proton  beam.  Theoretical  study  has 
shorn  that  beam  leakage  into  the  inter>bunch  gap  leads 
to  electrcm  tr^tpsag.  Recent  experiments  wtte  carried  out 
by  using  the  needy  installed  “funger”  and  by  varying  the 
machine  transitk»  gamma  to  explore  further  the  "e-p” 
instability  and  the  nature  of  the  instability.  This  paper 
summarises  smne  of  these  recent  experimental  results  and 
theoretical  studies. 

I.  INTRODUCTION 

The  PSR  is  a  fimt-cyeling  high-current  stwage  ring 
designed  to  accumulate  beam  over  a  macropube  of  the 
LAMPF  linac  (~1  ms)  by  multitum  ipjectun  through  a 
stripptt  f(^  and  compress  that  beam  into  a  short  sinf^ 
turn  extracted  pulse  ('^0.25  ps),  which  drives  a  neutron 
source.  Key  PSR  parameters  include  kinetic  energy  of 
797  MeV,  circumference  of  90.1  m,  revdutioi  frequency 
n/(2s’)  s  2.875  MBs,  betatron  tunes  Vg  and  i/y  ta  3.17 
and  2.13,  req>ectively,  and  present  operating  intensity  of 
N  w  2.35  X  10*^  particles.  The  detign  intensity  is  100  pA 
on  target  at  12  Bs,  which  inqdies  5.2  x  10*^  protons/pulse. 
Average  and  peak  intensities  have  been  somewhat  less 
(80  pA  at  20  Bs  and  4  x  10^’  maximum  pube  sise). 
The  average  current  b  limited  by  slow  beam  losses,  and 
individual  pube  intensities  are  limited  by  a  fast  instability 
11,2]. 

The  instability  occurs  when  more  than  ~  2  x  10^^ 
protons  are  stored  in  bunched  mode  (rf  on),  and  when  mcxe 
than  ~  5  X 10^’  are  stored  in  unbunched  mode.  IVansverse 
oscillatimis  at  ~100  MBs  ar^e  seen,  and  grow  exponentially 
at  time  scales  of  10-100  ps,  cc'jising  beam  losses.  InitiaOy, 
we  suspected  that  impedance  coupling  was  the  cause  d  the 
instability.  Our  searches  for  a  possibb  impedance  source 
were  unsuccessful,  although  some  observations  suppwted 
our  hypothesb  that  the  instability  may  be  caused  by 
the  coupled  oscillation  between  the  proton  beam  and 
the  tr^>ped  electrons  -  the  “e-^”  instability  that  has 
been  previously  observed  in  some  other  proton  facilities. 
Snpp<Mrting  observations  include  the  following:  degrading 
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the  vacuum  makes  the  beam  become  more  unstabk, 
biasing  the  foil  to  a  voltage  sufBcient  to  clear  electrons  in 
the  vicinity  increases  the  stabihty  threshold;  and  moving 
the  halo  scrapers  into  the  beam  pipe  to  produce  more 
secondary  eb^rons  decreases  the  thrediold.  Supporting 
calculations  have  also  shown  that  the  ctmditiMis  for  e-p 
inrtability  may  occur  in  the  PSR.  Whib  there  are  no 
clearing  electrodes  to  remove  charges,  it  has  been  generally 
observed  that  varying  the  omditions  that  may  change  the 
tiectron  productioii  does  vary  the  threshold  of  the  beam 
instability.  Bowever,  a  dominant  ebctrcm  source  has  not 
yet  been  identified.  A  possibb  dominant  source  u  the 
stripping  foil. 

We  coqjectured  that  electrons  have  to  be  stably 
tr^ped  within  the  space-charge  potential  cS  the 
circulating  beam  for  more  than  a  revolution  period  oi 
protons  to  cause  the  e-i[>  instability.  For  an  ideally  bunched 
beam  in  the  PSR  with  a  beam-free  inter-bunch  gap  of 
~100  ns  passing  through  the  electrons  every  turn,  trapping 
enou^  electrons  for  instability  seems  to  be  difficult. 
However,  calculations  and  simulations  based  on  the  PSR 
parameter  values  and  the  iigection  process  have  shown 
th^  a  small  amount  of  beam  may  leak  into  the  gap  to 
form  a  smooth,  overall  density  distribution  and  an  electric 
potential  sufficient  for  electron  trapping  [3].  Observatkms 
did  show  that  the  instability  b  associate  with  bunch 
leakage;  with  bunched  beam  (rf  <»),  we  observed  that 
inrtability  occurs  when  the  inter-bunch  g^>  has  filled  in. 
Measurements  taken  under  various  conditknis  indicate  that 
gap  filling  occurs  either  before  or  simultaneously  with  the 
beginning  oi  growing  oscillations.  In  addition,  experiments 
were  performed  to  lower  the  thresh<fid  and  to  create 
the  instability  by  deliberately  iqjecting  a  small  amount 
of  beam  into  the  inter-bunch  gap.  Other  experimental 
evidence  supporting  the  hypothetis  of  gap-filling-induced 
instability  include  (1)  beam  stabilisation  by  kicking  the 
leakage  out  of  the  inter-bunch  g^>  during  storage  and 
(2)  the  storage  of  a  much  more  stable  beam  by  uyecting 
proton  pubes  wHb  shorter  width  deeper  into  the  confining 
rf  bucket  to  make  leakage  difficult. 

Understanding  of  thb  instability  and  methods  of 
contrdling  it  have  taken  on  new  inqxsrtance  as  the  neutron 
scattering  cranmunity  considers  the  next  generati<m  of 
accelerator-driven  spallation  neutnm  sources,  which  call 
fm  peak  proton  intensities  of  ~  2x  10^*  per  pulse  or  higher. 
Recent  experimental  studies  of  beam  stability  in  the  PSR 
were  carried  out  by  using  the  newly  instafied  "pinger”,  a 
pur  of  4-m-long  by  7.5-cm-wide  electrodes,  and  by  varsring 
the  machine  transition  gamma  to  understand  further  the 
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of  t|ii  urtUthiMty  m  wd  w  the  lelatioa  between 
tihefpi^  kinfB  mmI  lft»  iartabUity.  Our  tbewetical  study 
eoMiMbraM  on  a  sin^  stoalation  of  tin  e-p  instability. 
*t|ds  paper  reports  some  of  the  progress  in  Umm 
reesnt  stwiiss. 

II.  EXPERIMENTAL  OBSERVATIONS 

A.  Jltysriiwenls  {/mif  Tie  fPfofer* 

yh  performed  «q)eriineata  usinf  tiie  pinger  to  keep 
the  fty>  dean  and  to  ‘Ualur  the  eketrons  away  from  the 
proton  befun.  Beeanse  the  <ktaili  of  the  experimental 
methods  ate  reported  in  aseparate  piper  in  this  conference 

oidy  the  results  of  the  st^ility  study  will  be 
sanunarised  here. 

We  first  adjusted  the  fractional  part  ct  the  vertical 
to  ~  1/8.  We  thoi  applied  pulsed  voltage  of  a  few  kV, 
~100  ns  long  and  qmchronised  with  the  gip,  to  the  pingn 
oroe  every  nx  turns.  A  more  than  10%  increase  of  the 
instability  threshold  current  was  possible  by  resonantly 
kicking  out  the  protons  that  leaked  mto  the  gap.  In 
another  cxperimoit,  we  tried  to  shake  electr<»8  from 
the  prokm  beam  applying  to  the  pinger  a  emtinuous 
oscillating  voltage  (a  few  kV)  of  frequencies  close  to 
iin/(2x)dbvy  (n  integ«).  This  e:q>eriment  also  resulted  in 
about  a  10%  increase  in  the  instability  threshold  current. 
The  results  of  both  experiments  are  cmisistent  with  the 
e-p  aasunption  and  are  simOar  to  those  obtained 
previottdy  by  unng  different  instruments  [2]. 

B.  Low  TVuasiltoa  Comma  Experiment*  [5] 

The  purpose  of  this  experiment  was  to  fiirthw 
study  the  rde  of  g^>  leakage, in  the  PSR  instability. 
Theoretically,  lowering  the  machiae  transition  gamma  (71) 
in  the  PSR  will  decrease  the  longitudinal  mobility  cf 
particles.  Thoefore,  at  lower  ft,  if  the  beam  is  allowed  to 
debanch  freely,  more  time  is  needed  for  particles  to  move 
into  the  gap.  If  the  instability  is  a  result  of  gap  leakage, 
then  alter  switdiing  off  the  rf  during  storage,  the  time 
poiod  fin  the  beam  to  remain  stable  should  be  longer  at 
lower  7«. 

In  this  experiment,  7t  was  varied  between  2.1  and 
3.1.  For  each  7t,  the  stability  thredudd  was  first  examined 
by  varying  the  amount  of  injected  charges.  Then,  during 
tlk  storage  of  a  marginalty  std>le  beam,  the  rf  was  turned 
off  and  the  time  doratum  between  the  rf  off  and  the  onset 
of  the  instability  was  measured. 

Figure  1  summarises  the  observed  threshdd  charges 
and  the  stable  storage  time  after  the  bunching  rf  was 
switched  off.  The  results  indicate  that  stable  storage 
time  with  rf  off  increases  when  71  is  decreased.  This 
result  fits  weO  with  the  theory  of  gap-leakage-induced  e-p 
instalnlity.  Because  the  7*  of  the  PSR  carmot  be  varied 
without  altering  the  tunes,  high  curtmt  cannot  be  stened 
at  all  values  of  7*.  The  kmg  sknrage  times  at  7*  =  2.129 
and  2.578  correqrand  to  the  low  currents  at  these  points. 
At  7(  ss  2.129  only  a  small  amount  of  beam  can  be  stored 


because  the  momentum  spsead  is  mich  greater  than  the 
momentum  aperture  (0.4  -  OA  %).  At  jt  —  2*393  and 
2.578,  the  small  working  areas  in  tlw  tune  space  limit  the 
maximum  beam  currents  that  can  be  stored. 


TraasMIen  Qsws 

Figure  1.  The  jt  dependence  of  the  threrfidd  charge  per 
bunch  and  the  stable  storage  time  after  the  rf  is  <^. 

C.  /Vefaeacy  Spectra  OhaervaUon* 

Previous  frequency  qiectrum  studies  of  the  beam 
osdUatkms  were  baaed  on  measurements  uamg  an  HP 
8563B  spectrum  analyser  and  the  Fbst  FViurier  THnsfbims 
of  digitised  position  mcmitor  data  [2].  Recoit  studies 
have  employed  the  autoconelatioD  method  fi»  the  power 
spectra.  This  method  enhances  the  si^al-to-noise  ratio 
in  the  fireqnoicy  domain  and,  hence,  allows  a  better 
examination  of  the  main  peaks  of  the  relstivdy  broad-band 
spectrum.  Similar  to  the  previous  observatkms,  qiectra 
of  broad  bandwidths  (10-M  MHs)  with  peaks  near  100 
MBs  were  obtained  when  instabifity  occurs.  The  peak 
locatbn  varies  between  40  to  200  MHs,  depending  on  beam 
conditions.  These  observed  variations  in  peak  location  and 
width  are  emsistent  with  the  hypothesis  of  e-p  instability. 

III.  THEORETICAL  STUDY 

In  our  theoretical  study,  we  consider  a  proton  bunch 
with  a  round  cross-section  of  radius  a  propagating  inside 
a  perfect  conducting  pipe  of  radius  6.  The  transvose 
focusing  force  is  assumed  to  vary  linearly  with  the  radial 
distance.  We  abo  assume  that  in  the  equilibrium  state, 
all  the  trapped  electrons  are  oscillating  inside  of  the 
proton  beam,  and  particles  ate  uniformly  distributed  in  the 
transverse  direction.  Accordingly,  the  trapped  electrons 
experience  a  linear  transverse  focusing  force  due  to  the  net 
charge  in  the  beam.  Both  the  line  densities  of  protons,  Ap, 
and  electrons,  A«,  may  vary  from  the  head  to  the  tail  of  the 
beam.  A  Cartesian  coordinate  system  is  chosen  such  that 
the  z-axis  is  on  the  symmetry  axis  of  the  proton  beam, 
and  the  y-axis  is  perpendicular  to  the  plane  of  the  ring. 
Neglecting  all  the  x-motiems  and  the  z-motion  of  electrons, 
and  adding  the  damping  effect,  we  fi»mulate  the  following 
equations  for  the  motions  of  the  centeroids  of  protons  (Ip) 


aad  obetioni  (Y,): 


wImn  <  k  Um  tioM,  «  k  the  propagation  q>ee<l  of  the 
pcotona,  f  s  I  ->  (a/h)^  k  Uie  geometric  factor,  Csm  and 
C4,  are  the  damping  eonetanta,  7  s  (1  -  e  k 

the  epeed  of  light,  tp  and  r«  are  the  ciaaeical  radii  of  a 
proton  and  an  electron,  req[>eetiw|y,  xC')  = 
k  the  fraction  of  neutra^iatioo,  k  ^ven  by 


(3) 


and  w«  —  (e/a){2r«A^[l  —  bouncing 

frequency  at  dectrcHie  in  the  proton  beam.  Our  theoretical 
•tody  of  the  e-p  imtability  k  baaed  <m  the  numerkal 
•olotiona  of  Eqa.  (1)  and  (2). 


Figure  2.  (a)  The  aimulated  signal  of  the  vertical  beam 
oacillatkm  by  umng  Eqs.  (1)  and  (2);  (b)  The  experimental 
data  of  the  verticd  beam  oacillaticm. 

Onfy  (me  example  of  the  numerical  study  will  be 
given  here.  More  details  of  the  theoretical  study  and 
results  will  be  included  in  another  report  [6].  Figure 
2a  shows  a  simulated  scope  signal  of  the  vertical  beam 
oscillatHm,  and  Figure  2b  shows  real  experimental  data 
for  c(maparis(m.  In  thk  case,  a  cosine  square  pulse  with  a 
smaD  constant  density  in  the  gap  was  assumed  for  and 
A,.  The  coiiq>otatk>n  was  initiated  with  resting  electrons 
and  a  lOO-MHs  perturbatibn  in  the  prot<m  beam.  One 


percort  of  neutralisation  was  assumad.  Note  that  in  boUi 
Figures  2a  and  2b,  the  oscillation  frequencies  are  corrdated 
with  the  i»ot(m  line  density,  Le.,  hi^itf  at  the  carter  of 
the  ^mch  and  lower  in  the  taik.  Thk  corrdaticm  fuovidcs 
more  evidence  thrt  the  instability  k  not  caused  by  the 
machine  impedance. 

Although  thk  study  k  still  in  progress,  prdiminary 
investigations  have  yielded  a  few  notdMe  results.  (1)  Using 
the  PSR  parameter  values  and  reascmably  chosen  values  fer 
the  unknown  quantities,  e.g.,  Cip,  C4,  and  x>  we  estimated 
growth  times  that  are  close  to  those  obsttved  in  some 
experiments.  (2)  When  we  studied  the  effect  at  localised 
neutralisation,  i.e.,  a  highly  uneven  electnm  dktribntkm 
around  the  ring,  we  found  the  results  are  close  to  those 
with  evenly  spr^  electrons.  (3)  Gap  filling  may  not  be  a 
necessary  c(mdition  for  the  e-p  instability.  Hie  instability 
may  still  occur  with  a  clean  gap  if  the  beam  k  sufficiently 
(a  few  percent)  imutralised  by  the  fresh  electrons  created 
in  each  turn.  The  instability  threshold  in  the  case  of  a 
clean  g^  may  be  somewhat  higher  than  the  threshcdd  in 
the  gap-filled  case. 

IV.  SUMMARY  AND  CONCLUSIONS 

Results  fhmi  our  recent  experimental  and  theoretical 
studies  further  support  the  hypothesk  that  the  observed 
instability  in  the  PSR  k  an  e-p  instability.  Recent 
observations  are  also  consktent  with  the  assumptioo  that 
the  instability  k  induced  by  the  leakage  of  protons  into  the 
gap,  although  our  the(»y  predicts  that  gap  leakage  may  not 
be  a  necessary  ccmdition  for  instability.  We  have  developed 
numerical  tool  based  (m  a  simple  model  that  we  are  using 
for  further  study  of  the  instability.  Und«ntanding  of  thk 
instabUity  and  methods  of  ccmtridling  it  have  fundamental 
importance  in  both  the  future  (deration  of  the  PSR  and 
the  design  of  the  next  genoration  accelerator-driven 
spallati(»  neutron  sources. 

One  of  our  future  main  activities  will  be  to  id«itifr 
dominant  electron  sources  and  to  clear  the  electrons.  In  the 
forthcoming  experiment,  we  are  planning  to  install  clearing 
electrodes  near  the  iqjectbn  stripper  foil,  where  the  beam 
losses  are  relatively  large.  We  expect  the  theoretical 
studies  and  the  experiments  using  pinger  to  c<»tinue  into 
the  near  future. 
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AUtraet 

TVioqMdMiee  tndigBt  of  the  FnmiiUb  Main  bgeetor  (MI) 
it  Mtimated,  e^t^i  MMm  the  contribvtkNia  fr«n  the 
iMiiHee  waOe,  bellom,  if  cavitiee,  atqw,  Lambertaone, 
etc.  Beam  staMfitgr  dnri^  ramping  and  bnndi  coakacenee 
ia  analyaad.  Urn  tiaaavecae  fedatiee  wall  eoqiled  bnndi 
fioirth  ia  feond  to  be  aomewhat  none  than  the  aitnation 
in  the  Main  Ring  (MR). 

IMPEDANCE  AND  STABILITY 

One  of  the  anpoitaat  eondderationa  in  the  deaign  of  the 
Main  fageetor  ia  the  beam  conning  impe^eea  in  the  vao> 
nam  chamber  and  the  atabilitgr  of  the  beam.  Aknig  with 
dw  biid*”  intenaitiaa  oomea  the  p^biEty  of  inataldlitiea 
lAidi  kad  to  growth  in  beam  emittaneea  and/or  the  kwa 
of  beam.  Thk  p^ier  mahea  eatimadona  of  the  varioaa 
impedaneea  and  inatability  threaholda  baaed  <m  calcnla- 
dona  and  meoamementa.  The  Main  bgectw  haa  a  mean 
mfiaa  at  Rss  528.30  m.  Ita  doty  ia  to  accelerate  a  total 
of  3  X  10*^  ptotona  in  h  s  588  if  bn^eta  from  the  iiqeo- 
don  energy  of  8.0  GeV  to  the  extraction  energy  of  120  c» 
150  GkV.  The  thieriMld  for  microwave  inatability  haa  been 
eadmated  [1]  to  be  2|/n  >  20  0. 

A.  Reaistive  Wall 

The  ahape  at  the  Main  hgectew  beampipe  ia  igiproximately 
dliptical  with  a  foil  width  of  4.84  inchea  and  a^  hei^t  of 
2.Minchea.  The  beampipe  ia  eteinkae  ated,  haa  a  thidmeaa 
Ot  1.2  mm,  and  a  reaiativity  of  p  s  74  iid-cm. 

Uamg  the  drenlar  ^iproximadcm  [2]  to  the  MI  beampipe 
with  aradinaof  1.05  in,  we  get  the  re^ta  bated  in  Table  1. 
The  leanlta  are  expreaaed  aa  a  frmctkm  at  the  revelation 
harmonic  nnmber  n  for  both  hi^  and  low  freqaencka.  We 
ako  ^proximate  the  beampipe  to  the  lectangnlar  ahqie 
with  fob  hd^t  and  width  cth  =  2.09  in  by  w  s  4.84  in. 
The  leanlta  can  be  expreaaed  aa  the  product  of  a  form 

•Qp—tad  by  tlw  Udvanitiw  Rut cb  AaMcUtfan,  uadM-  ea»> 
teecto  eUb  the  UA  Daparli— a  cT  Feirgy 


n  <  ti« 

n  >  ne 

V" 

12.3/nn 

rrnno37;7!n5 

19.2/11  MR/m 

(1  +  i)l5.4/vfo  MR/m 

TaUe  1:  Reaiadve  wall  impedance  aa  a  fnnedon  of  tev- 
(dudon  harmonic  n  for  drenlar  beam  pipe  with  radina 
h  =  1.05  in.  Raanlta  are  given  to*  freqoenciea  where 
the  akin  dqith  ia  km  (greater)  than  the  diickiiem  of  the 
beamj^pe  n  >  n,  (n  <  n«)  whm  —  1.44. 

frKtm  timm  the  drenlar  reonlt  with  radina  5  =  A/2.  The 
fmm  factora  are  foond  to  be  F|  =  0.989,  Fx>  =  0.404,  and 
Fxy  —  0.822.  We  aee  that  except  fiw  the  horiKmtal  eaae, 
the  circular  miiwcxmiadon  ia  fairly  good. 

The  moat  important  edhet  of  the  reaiadve  wall  inatar 
bility  ie  the  tranaveeae  eonidad  bnneh  inatability.  Since 
the  growth  rate  ia  propmdonal  to  Re Zx[(n  +  i^)w«]  whoe 
w«/2x  ia  the  levidation  frequency,  we  are  intmeded  in  the 
mode  n  that  given  the  loweat  freqnoicy.  In  the  verdcal 
|dane  the  tone  ia  25.4;  ao  die  confM  bunch  mode  n  =  -26 
anil  have  the  largeat  growth  rate.  The  relevant  frequency 
ia  («ly  0.6w«/2v  which  ia  very  email. 

Udng  the  low  frequency  entimatea  of  the  Lambertaon 
magnate  (aee  anbaection  G)  and  the  beampipe,  we  calcu¬ 
late  the  growth  rate  for  mode  n  =  —26.  The  beampipe 
impedance  ia  32  MO/m  and  the  Lambmtaon  ia  35  MQ/m. 
The  growth  time  of  the  reaiadve  wall  impedance  at  8  Gev  is 
then  0.32  msec  which  ia  very  faat.  This  is,  however,  only  a 
bare-bone  estimate.  Octupdes  can  came  a  tuneshift  whidi 
is  a  significant  way  to  lower  the  growth.  Ako,  with  a  pod- 
dve  vertical  chiomaddty,  there  is  a  suppreadng  form  factor 
in  the  growth  formula. 

We  make  a  ccunpariscHi  of  the  growth  rate  with  the  cal¬ 
culated  value  of  tiM  Main  Ring.  Udng  a  current  in  the 
Main  Ring  of  0.115  Amp  and  a  transverse  impedance  of 
97.7  MQ/m,  the  calculated  growth  rate  is  0.65  msec.  How- 
evm,  experience  has  shown  that  with  the  higher  multipole 
configuradon  in  the  Main  Ring  lattice,  the  cqieration  chro- 
matidties,  together  with  the  dampm,  the  Main  Ring  can 
operate  at  thk  intoidty  without  problon.  We  therefore 
expect  the  presmt  Main  Ring  dampers  (or  <mes  with  a 
hitler  gdn)  to  be  sufficient  to  damp  the  transverse  resis¬ 
tive  wall  instability  in  the  Main  Iiyector. 
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B.  SfC€  C&4Mye 

Bar  tiM  ipaee  duayi  impadanee  utMiatkMi,  we  malw  eati- 
■wtaa  baaad  ow  haamiiipaa  wUh  efaodar  a^  laeUiigHlar 
croaa  aectioBa.  Tha  drodar  cfoaa  aactkMi  faaalta  an  wall 
knowa  wkila  tlMaa  fer  the  netanfolav  caaa  coma  from  cow- 
foemal  nappfrig  lachut^iaa 

Udaf  tto  fatnudafor  tha  efrcalar  aad  rectangular  eroas 
aactioBa,  tha  apaea  chaife  impadaiica  waa  ealeulatad  at 
8  Gav  fer  a  beam  with  a  total  S  x  10**  partkka  and 
S0»  min-ng05%  aormaliiadamittaaae.  WithdLte  ~  10m, 
thia  eomapoBda  to  a  cylindrical  beam  with  a  rafina  dt 
a  3B  5.6  mm.  Tha  reealta  an  dicnm  in  Table  2.  The 
^ace  chaife  impadance  ie  important  in  contributing  to  the 
negativ»>maaa  inatalulity  at  tranritkm  and  ftw  miffnatch  of 
the  eqmHbrinm  bnneh  length  befen  and  after  tranaitioa. 
Then  iaanea  an  not  conaidered  in  thia  paper. 


Tkble  2:  Space  charge  impedance  for  both  citeular  and 
rectangular  beampipe.  Calculatimw  wne  made  at  8  Gev 
uaing  a  cylindrically  unifdwm  beam  wiUi  tranamn  radius 
ct  5.62  mm. 

We  an  also  intereated  in  the  coherent  and  incdier«it 
tune  shifts  due  to  the  deetric  image  diarges  in  a  rectang»> 
lar  beanq>^  [3].  For  bunched  beam  at  8  GeV  with  bunch 
length  of  150  d^nea  the  cohoent  tune  shift  in  the  vw* 
tical  <hmctioB  is  —0.13  and  in  the  horwmtal  and  vertical 
directiona  the  incoherent  tune  ahift  is  dbO.043. 

Also  the  incoherent  tone  shift  doe  to  the  beam  itself 
waa  calculated  for  a  round  Gauaaian  beam  with  a  radius  61 
5.62  mm.  The  value  was  found  to  be  0.014  for  the  bunched 
beam.  It  is  possible  that  the  total  incdwroit  tune  ahift  61 
0.057  in  the  hcMriaontal  direction  might  be  too  large  and 
pose  a  problem  in  <qi>aation. 


IVeq  (MBs) 

2|(k0) 

growth  time  in  msec 

ffipole  <pudrup(de 

lit  1  hi  R  111  1  MR 

ti.6 

10.0 

16.8 

45.0  280  500 

100.0 

2.5 

53.4 

151.9  440  810 

128.0 

6.3 

19.2 

59.1  93  180 

223.0 

111.0 

1.4 

6.8  1.8  4.6 

600.0 

2n.o 

5.1 

30.0  2.8  12 

850.0 

49.0 

53.2 

321.4  38  140 

Thbl*  3:  IXpde  and  quadmpole  mode  growth  times  fm 
both  the  Main  buector  and  tte  Main  Ring  due  to  the  lon¬ 
gitudinal  rf  cavity  modes. 


and  the  Main  I^jeetor.  For  the  Main  Ring  we  used  3  x  10** 
particles  per  bunch. 

Experience  with  the  Main  Ring  has  shown  that  the  128 
MBs  mode  can  aometimes  be  a  ptoblon  in  fixed  target  op¬ 
eration.  Also  concern  is  the  short  growth  time  of  the  2^ 
MBs  mode.  As  a  result,  a  set  of  passive  dampers  for  the 
cavities  is  being  designed  to  reduce  the  shunt  impedance  of 
the  223  MBs  mode  and  furtha  damp  the  128  MBs  mode 
as  well.  With  this  mode  damper  installed,  the  223  MBs 
impedance  is  lowered  to  a  value  of  about  10  kO. 

Also  of  concern  is  the  coupled  bunch  instability  with 
shmt  batches  used  in  coalescing  since  standard  coupled 
bnndh  thewy  is  not  ^plicable  to  a  partially  filled  ring. 
Presently  in  the  MR  there  is  evidence  of  an  instability  with 
3  X  10**  particles  per  bunch.  Since  this  type  of  inst^ility 
dep«sds  on  RfQ  and  not  tm  R,  adding  passive  dampers 
win  not  remove  or  improve  the  instability.  In  the  Main 
IqjecUx  there  wiU  be  6  x  10**  particles  per  bunch  so  there 
could  be  substantial  difficulty  with  the  short  batch  opw- 
ation.  Hie  problem  wUl  likely  require  the  development  of 
an  active  damping  i^stem. 

The  growth  times  for  the  Main  Iqjector  are  about  one 
half  of  those  in  the  Main  Ring  (Table  4).  So  far  there  has 
not  been  any  evidence  of  transverse  coupled  bunch  mode 
observed  in  the  Main  Ring. 


C.  RFCkvities 

ffince  the  Main  Iqjeetm  RF  cavities  will  be  transferred 
from  the  Main  Ring,  previous  measurements  cf  the  cav¬ 
ities  can  be  used  for  the  estimation  of  the  longitudinal 
impedance.  The  measnremoits  on  the  cavities  were  made 
using  a  stietdied  wire  technique  [4]  and  the  results  are 
Aown  in  Ihble  3.  The  mode  at  128  MBs  has  limited  Main 
Ring  performance  in  the  past  so  a  mode  damper  was  de¬ 
signed  and  installed 

We  cakulate  the  coupled  bundi  growth  times  due  to  the 
RF  cavities.  The  nominal  parameters  for  the  Main  iqjector 
are:  particles  per  bunch  is  6  x  10**,  the  RF  voltage  is  400 
kV,  and  the  bunch  area  is  0.25  eV-s.  As  a  comparison, 
we  also  calculate  the  growth  rates  in  the  Main  Ring.  The 
growth  times  are  given  in  Thble  3  fm  both  the  Main  Ring 


Thble  4:  Dipole  and  quadrupole  mode  growth  times  for 
both  the  Main  Iqjector  and  the  Main  Ring  due  to  the 
transverse  rf  cavity  modes. 
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D.  Bmhi  FoiUUm  MtmUon  (BPM) 

TIm  Mua  biiaelov  BPii  taumH*  of  4  akrii^bie  inckuiM 
iriddi  we  cel  eel  of  tlw  i^^eadmetdy  dUplieel  beampipc. 
Two  pickepe  we  iacWed  oa  aadi  of  tiw  top  aod  bottwn 
■eifaow  of  the  heemiwpe  aad  an  ^aoad  40  mm  apart 
ftom  ca^w  to  eeatw.  Each  atri|diBe  ia  about  1  cm  wide, 
I  s  40  cm  loBg,  aad  baa  a  dutfaetcrialic  impedance  at 
Ea  s  so  Q.  Tlw  dowaatnam  end  of  eadi  atripline  ia 
aborted  wbik  tbe  epatieam  end  ia  connected  in  paralld 
with  a  so  Q  cable  educb  kada  to  the  RF  module. 

Aa  a  bnadi  paaaw  tbe  BPM,  mly  a  tiny  fraetkm  of 
tbe  imafe  cumnt  oa  tbe  beampipe  ia  pick^  up  by  tbe 
atripliM.  We  eathnate  tbia  fraedmi  to  1^  /  =  0.055  and 
dwn  cakttlate  tbe  power  ahaorbed  by  the  atriplinea.  Since 
tUa  ia  the  aame  aa  the  power  loW  by  the  beam,  we  can 
calculate  the  beam  impe^ce.  For  a  aet  of  four  atriplinea, 

*1  -C"  (^) (^)] 

For  206  aeta  of  BPM  in  the  ring,  2|/ti  =  0.050  O  below 
~  60  MHi,  then  atarta  oadllating  roUa  off.  In  the 
aame  w^r*  the  tranavecne  impedaneea  ct  tbe  BPM  can  alao 
be  eoraputed.  Hwy  have  the  aame  frecpieney  dependency 
w  2|/n.  For  ezam^,  tbe  vertical  impedance  at  low  iBc^ 
quendea  ia  Zi,^  s  250  kO/m.  Tkeae  impedaneea  an  mudi 
loww  than  thoae  of  other  compoiienta  in  tbe  ring.  Tbia  is 
mainly  doe  to  the  nlativdy  narrow  width  of  the  atripline 
pickupa.  Thoa  the  BPM’a  an  not  expected  to  be  a  prob¬ 
lem. 

E.  Beam  Voioe 

Althou^  the  beam  valve  deaign  ia  not  yet  ccmipleted,  ita 
general  ahw>e  ia  known.  Uaing  tbia  general  shape,  the  3D 
computer  code  MAFIA  waauaed  to  find  the  longitudinal 
and  tranaverae  impedaneea.  The  beam  valve  ia  aasumed  to 
have  the  aame  rcaiativity  aa  the  beampipe,  p  =  74  pD-cm. 

CalcidaticMia  for  the  coupled  bunch  growth  rates  show 
that  moat  of  the  beam  valve  modes  an  benign.  This  is 
mainly  due  to  the  fact  that  the  cavity  modes  an  at  fre¬ 
quencies  which  an  above  the  beam  qwetrum  frequencies. 
All  modes  have  a  growth  time  greater  than  50  ms  except 
for  the  qnadrup<de  mode  ci*  the  2.46  GHs  mode  which  has 
a  powth  rate  of  38  ms. 

F.  Bellows 

The  beampipe  bdlows  will  consist  q>praximately  10  to 
17  convdutiona  extending  over  one  inch.  The  inner  di- 
mmsion  at  the  bellowa  is  an  ellipse  of  similar  sue  to  the 
beampipe  and  the  oonvedutions  extmd  0.5  inches.  To  esti¬ 
mate  the  impedance  the  elliptical  shape  was  approximated 
1^  a  drcnlar  beampipe  with  radius  1.05  indies.  This  was 
d^  fat  both  10  aad  17  bellows  cmvolutions  using  the 
program  TBCI  [7]. 

The  loniptudinal  impedance  is  very  similar  for  both  the 
10  aad  17  bdkwa  case.  The  impedance  peaks  at  120(1  near 


8.5  Gfii.  For  518  bdlows  in  the  Main  Ipjectcw,  we  have  a 
total  of  Zfn  s  0.65Q  at  8.5  GHa.  At  low  frequmdea,  it 
ia  Zfn  s  y2.8  (1.  Aeeording  to  prevkms  calculations  this 
impedance  is  bdow  the  thredudd  for  the  Main  IpiecUw 
except  new  transition  [1]. 


G.  Lamhertsons 


The  main  concern  of  the  Lambwtsem  magnets  is  the  low 
frequency  comp<Mient  created  by  the  eqraaute  of  the  beam 
to  the  bare  laminaikmaof  the  magnet.  A  rou|^  estimatkm 
of  the  Lambertaon  magnets  ia  made  by  qiproximating  the 
magnet  aa  a  series  of  annulw  laminationa  at  0.953  mm 
width.  The  inner  radius  is  chosen  to  be  6  =  2.54  cm  and 
the  outer  radius  is  d  =  5.08  cm.  We  use  a  resistivity  of  p  = 
20p()-cm  aad  a  pwmeability  of  p  =  100  for  the  lamination 
material.  Hw  impedance  is  estimated  by  int^rating  the 
resutance  of  the  low  frequency  current  traveling  through 
the  laminations. 

With  25.8  meters  of  Lambertaon  ma^eta  in  the  Main 
Iqjectw  the  total  low  frequency  reaiative  wall  impedance 
ia  calculated  to  be 


=  (i+i) 


16.4 


And  to  estimate  the  transverse  impedance,  we  use  the  ap¬ 
proximate  relation 


6*  w  '  '0* 


It  should  be  noted  that  the  Lambertaon  magnet  was  aa¬ 
sumed  to  have  a  drculw  geometry  with  inner  radius  of 
5  s  2.54  cm.  The  actual  shape  of  the  Lambertaon  is  much 
diffinent,  so  this  estimate  can  only  be  approximate.  Using 
a  sli^tly  Iwger  inn«  radius  can  change  the  impedance, 
especially  the  transvwse  one,  by  a  significant  amount  (i.e. 
if  5  ia  10%  Iwger  the  impedance  drops  by  25%). 
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iea  chHf«  to  th«  total  1 
kirpoMoat.  StB  the  b< 


a  the  Aattpeotoa 


(S  -  f  )  hetatna  ridetoad 


iit  a  a  etahk  eaifltade  te  a  Toy  loag  taic  aithoat  Aeeetioee 
•Acte,  hoewne  iAm  the  heas  k  oeekd  leaptadadlr.  ee  m 
lavdted  beftee  eataratea  teaaefa  Jkoea  the  aeeaaalatoe  to  the 
laa  Bag,  the  tnaefane  eailteaoee  opcrieaee  eeaii>pcrio& 

— Aj—  1 - tti. — »  Ynm  Im 

Theee  iaetabflttiee  an  bdkved  to  to  Mther  nated  ok  at  leaet 
awweaad  bg  the  tiapyed  kafc  Theoaka  aee  beea  devdoped 
to  deal  with  tun  ■!!■■■  aetobB^S^  The  freqaeaejr  laaga 
vi  thMe  awdea  k  eoadrteat  aritti  Oe  ipeckam  of  tipped  wa 


hapnttaat  laiHatkae  to  ttoee  marMaee*  epeiatka.  A  dearrip- 
tka  eC  thk  eSwt  — a  tieakaaat  of  the  beaai  ooheaeat 
OMtahflHip  kfkdiag  both  the  apaaial  aiacbiae  indat  fold  aad 
theiaMaaetka  vilhkae.  Bbpaeaeat  aBaeea  ^ptoaA  imeat- 
potatag  OBattihatkae  iMaa  the  wachaa  aipedaare  ae  mB  ae 
kafMoea.  It  ako  iadadaa  aptaaik  a  beapa  aad  ka  fcegaeacka 
aad  thae  Laadaa  daaiplag.  The  aaolpak  laaaha  a  a  laodWed 
■tahOtf  diapaai  ahkh  «a  be  aaed  togathea  with  phpdeal  ■»- 
ga«eata  to  cqhda  eapedaMatal  otoaiaalioaa  a  the  Fcnail^ 
aatipaatoa  aecaanktoa. 


boeaee  fregaeacka,  bat  tUa  k  ako  when  the  Taaktin  waB 
kapedaace  k  the  laigaet.  It'a  mp  Shalp  Oat  both  of  then  will 
act  a  the  auae  time,  thenfrae  it  k  aeeeaaaip  te  the  theoap  to 
jaciade  both  of  them  damkaaaoealp-  Bk  paaaaat  a  tmatoMat 
modakd  aftec  that  a  [4]  aad  [|0,  aad  aae  it  to  eaplaa  eooM  of 
the  eaperimeatal  obeerfatkae  a  the  Fitadlab  aecaaeaktoa. 

Theory  and  Ion  Impedance 


I  an  kaked  bp  Coakaab  ooffidoaa 
Boeated  with  Sttk  hiaetk  eaaagp 
beam  amp  be  tipped  a  the  haem 
earn  atapa  a  the  ma<Mae  fgmqr 
IBhioS  isICXKliM  MIV 

■aee,  aee  [1]  aad  mfcmaoa  thema. 
r  aaed  dnaiag  dactiode  epatema, 
bad  ae  the  latio  of  total  tipped 
a  obaiga,  caa  be  ndaoed  to  c.g.  a 
caa  deaekp  oohenat  oariHatioae 
lerBlatkaa  an  loatiadp  obeomd 
Aocaaadatoa,  ataaUag  with  10>ao 
itkaa  ooeaa  aeai  the  (1  —  f)  aad 
Mfaeadea  aad  ako  to  the  (I  —  f) 


tnotwilhtfwU.  S. 


We  oalp  rnaddar  taaaanne  ^ok  oerilhttoaa  hen.  lb  todade 
the  efceta  of  aim-lheat  damdag  we  aeed  to  maha  oattak  ^ 
pradautkaa.  a  gmmal  with  the  paaaaace  of  mmiantitp,  the 
peitide  aaotka  k  ao  kaget  a  baraioaic  ,oenllatka  aad  the  k> 
caaiagkaaactkaofpattidekpedtka.  Wi  wB  tnat  the  aoa- 
Baeaiitp  eauaplp  amodaklka  of  the  oaefflatiaa  fteqaeacp  aa 
akaetka  ofthdr  aaapBtadoa  oalp  i^Ba  maataakg  thekem 
of  hanaeak  oeriHatka  Thk  k  a  good  appeoakwtka  whoa  the 
aoaKaoantp  k  aamlL  Whea  the  aoalkeaiitp  k  aot  ao  aamH,  it 
caa  be  akwed  ae  haepiag  oidp  the  dkok  eoeapoaea  aad  igaoo' 
kg  bigber  ocdec  aaote  of  awtka,  oa  a  time  acak  aaadi  higec 
thaa  the  oedllatka  penod.  k  thk  appeoiBbaatioa  a  pwrtide’a 
motka  k  dewnrfbed  bp  p  «  Aooe(wp(A,p)«  +  do) 

The  Vkeov  egaatkae  fcc  the  beam  aad  tiapped  ioae  en 

■3r  +  Fk-3~  +  Fa-32'  +  “'‘3r  “  ® 

^  ow 

^  +  +  -  0 

Wa  wB  igaon  the  d^eadon  oa  the  aekaatbet  aa^  aad  taha 
■a  amaged  new  of  aD  the  dktnbatioaa  oad  kcoeo  fm  bmplk- 

The  BOimafiaed  knee  on 

#a  =  -weir»-ww‘(n*-fi)  +  F'w 
Fi  = 

when  Uf  depeade  iadkidaol  paitide’e  anaaeataa^  wa  k  the 
oagaka  boaaoe  keqaaacp  of  the  beam  k  the  held  of  teu^od 
ioao,  oad  wu  that  at  the  kae  k  the  Md  of  boaaa.  AB  at  them 
aaep  be  kaetkae  of  nocBatka  ampKtadee.  Fm  k  the  waha 
fcne  geaentod  bp  tbo  aonaal  maebae  impcdaace.  We  bam 
aei^octod  the  ■df'Cnoe  of  botii  the  beam  aad  tipped  koo, 
omBBUBg  aoatnBaatioa  levda  an  low. 

Wa  deflae  actioa-oa^  cooidkatoa  ae 

y»,i  s»  i4»,<ooadk,i 

h.i  »  w»,,A»,,aad»,,' 
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*■  Ibr  riwjirhy  m 

dt^Mtecf  oltlM  terilgr  fcadlM  m  mumm 


TW  fn««llfkrt  im  Zi  h 

iateuity  u4  piaparti^  «e  th« 

Imi,  te  ^  Ciawha  tiumiM  dktnbatiMi 


oftkt 


Ia  ttC^,  ^.|>)  ■  ♦(A4, 

leatea  of  MV«*iM  *h«  terftj 
part,  fat  whidi  than  b  ae 
■aB  pntaibatiaa. 


Tha  cahmail  cadihbaaa  «  H,i  ham  aa^Bftadaa 

ofl^  ■  Ai,iaem4h,i  Tha mha Iona 


1(1^  b 


Vbaev 


impadaaca^]. 


-•(O  -  muryWtt  -  w*  ^“  +  +  wjfi;)  ^  «0 

-in*u  - 


bad  totha 


CQttAlliOS 


T"Hn£  y  ^ 

dA, 

la  tannl  <■{(  b  a  Ibactiaa  «f  .d*  aad  than&m  caaaot  ba 
palid  <wt  af  tha  bdmniioa,  bat  if  it  b  aaip  a  mak  fbactiaa 
of  da,  ac  if  car  aad  Mk  an  aot  dapaadaat  oa  da,  whid  b  almoat 
tna,  thaa  a^,  or  aaothac  qiaatbp  <d  tha  nan  oidar,  caa  ba 
tahn  oat  n  a  coaataat.  Thb  ooaataat,  let  as  caB  b  1^,  mem- 
mum  tha  aamga  eeqpfiag  stnagth  fkom  ioaa  to  tha  beam.  la 
thb bit  that  Ur  aad  wa  doaot  dapead  oa  da  Wc  b  loagUjr  tha 
nn  boaaea  ftaqaeacp  of  beam  ia  tha  Bald  of  ttq^ped  ioaa.  la 
thb  appaoidaBatha  the  dbpaiafaa  a^utiaa  baoomn 


XZJ  ui  -  (o  - 


'*ymtXeL 


mfr^ 


.[Z(a)+Zi(a)] 


irinn 


.ym^oLuj  f  ♦<o(di)a^tw,d?  dd< 

■y  tP^ 


Jfe» 


zm- 


Aa  m  caa  aaa,  tha  auia  aStct  of  temped  i«u  oobmo  ia  the 
fcna  of  aateaimpadaaca,  deaotad  n  *ioa  impcdaaca^,  Zi.  The 
MtiibBtioa  of  baa  b  to  shift  tha  beam  oadllBtioa  fre- 
whiA  b  ewataiaad  ia  the  tana  s  -i-  wj,-  Thb 
imaac,  b  asaaBf  tbp  aad  caa  ba  igaond. 

It  b,  hoawm,  oaqr  diScalt  to  kaear  tha  detaib  aboat  thb  ioa 
bacaan  b  dapaada  oa  the  aeateaBsaftoa  pralk, 
Aatiibatiaa,  ate.  Noaa  of  than  an  kaowa  ia 
datafl.  laataad,a>aadBteytofetana|h— *bwatinaoaZ<aad 
datanaiaa  a  gaaBtatiw  pfctan  of  tha  eAct.  Ibr  thb  paipon 
ae  aaaama  tapped  baa  hatn  the  aaan  tnasnne  dbtribatioa 
n  tho  bnm,  aad  taka  thb  dbtiibatioB  n  a  loaad  G.i 
aflh  aa  nw  bn  that  b  the  Huckba 


uz 


fjye* 


iToaa  #,(»•  +  o,) 

aad  at  tha  stahilbp  boaadasp  the  ba 

-i- P.V.  j  *<o(“<>*<d?^in)dwi  I 

Thb  ba-biptiiaarr  ariB  taad  to  damp  abhet  the  bow  wan 
oa  bat  wan,  aad  aatadamp  the  other,  depaadjag  oa  tha  ba 
dbtiftatba.  UaaaBp,  aaonbaaandbttibBtadbtheamaBaaa- 
pibada,  high  oabBatba  ftagaaaep  ”g»«»_  aad  tha  dbtibatba 
t^aa  of  toward  begs  ampibadas,  aad  ooaaegaeaiijr  «a  asaafl^ 
ban  a  pobtin  teal  %oa  raabtaaiV*  ‘Ab  iriB  damp  tha  bat 
wan  aad  aatadamp  tha  alow  wan  whiA  b  also  aatadampad  bp 
tha  aocaud  maAiae  bapadaaca,  La.  tha  *ba  impadaaec*  wBl 
radan  tha  machba  impadaaca  badget  aad  ai^  caan  beam 
iastabiKtj  b  caam  that  an  otherwbe  stable,  ibe  fflaatratba 
1st  as  take  the  bmplHiad  pietan  dnenbad  abon  aad  enbate 
acme  typbal  aambats  ftom  tha  Hesaailab  aecamabtor  aad  plot 
tha  stahQbp  dbgraan  wbh  0%  aad  1%  aaattaBsatba.  b  caa 
ba  aaea  ftom  Fig.  1  that  b  does  aot  take  a  high  bob  of  ba 
aaatraliaatba  to  dastahilba  aa  otkeawbe  b*aatba.  aad 
b  b  poabhlf  to  ban  ao  atabb  legba  at  aB. 


Pigiin  1:  Beam  Stalnli^  Diagrams  ariA  0  and  1%  Neu¬ 
tralisation 

Wa  ban  to  pomt  oat  two  poiata.  Fiist,  the  theory  aaanid- 
ab^  onreatimatn  the  elect  of  baa  becaan  eX  the  select  of 
the  loaptadiaal  motba  of  baa.  Thb  motba  caases  reaoaaat 
baa  to  Ion  the  phan  mfbnaatioa  aeedad  to  stay  reaoaaat.  Sec- 
oadly,  thb  theory  b  only  a  pertarbatin  treatment  aad  aot  a 
adf  conabteat  one.  We  started  with  aa  eqaiBbiinm  dbtrQmtba 
aad  enlaatad  the  stahflby  cX  any  amaB  peitarbatba,  bat  the 
aiotioBa  may  Aaage  the  VqpilibiiBm”  dbtiibaticm, 
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Mrtioil  2-<  liK  fmr  vs.  tte 


lb  »  fcgy  wltrwihtwt  tW 

our  i*  vwir  4Hkill.  Bwwfw,  «•  cn  «m  u  iUraShv  ptoeiw 
tapliMr  vrilk  MM  pkyiical  ufUMmta  iom  » 
dMai  lMpMi4iincMialkM*ti(»vuityii«  wpUaatVm  ti 

vAmI  «•  IwM  dMHMit  v^diiM  wB  cwtjr  Mt  is  tiM  foBowbc 


£3cp«rliiieiilal  Obaervations 

b  Ika  PinriUi  AaUpiatM  Aenunlaloc,  ioa  tnppnf  kM 
bMa,«*lMikpM4K  alait  totkcaonulopmlioa.  Iboomet 
tW  praUm  w  ioa  diaiiap  dKtiods  •pstcai  kM  bMa  fauliDad 
b  tka  iBcaMalitor  wmi  it  kM  ntam/Og  bMa  apcndad  fton  tka 
paatiaaa  lari  lOOV  to  a  aatiakk  oaa  vitk  ap  to  lA’V  oahagi. 

■i9«faMBta  katra  akowa  tkat  ioa  ti^ppiaf  ooatiibatM  to 
kaaa  oohan^  oacOatioaa.  Fif.  3  akoaa  tka  baaa  eohanat 
oadhtiaa  atMagtka  witk  HSnaat  aaMaat  of  aaatraEaatioa 
anifafaii  by  aaipiag  dMiiat  aoltata  ia  oaa  riatk  of  ike  Mackiaa 
at  900, 100, 10  aad  10  aolta,  wkan  poaat  ia  aO  tktM  eokaiaat 
Baa  piaan  aritk  daciaaaiaf  chariag  aohafa.  Ifoaitoiiaf  tkc  co- 


■  Ttae  (sec) 

Figttia  S:  Cdimnt  Oadllation  Power  Chaafa  aritb  Hme 


tka  oaatiaa  of  aaw  kwa  aad  tkc  aataial  taadeacp  of  ioM  witb- 
oat  keatiag  arill  baag  bade  tkc  otigiaal  ioa  diatnbatioa  wkick 
Bude  tkc  bcaai  to  grow  ia  tkc  Int  place.  Tkia  ptoccM  will 
be  cakaaciri  tkioa^  tkc  iaaeiM  of  bcaaa  cazieat  aad/oc  tkc 
ndactioa  of  tkc  bcaai  auancataai  ^icad  aad  tkc  iacncM  of 
ioa  tz^piag,  wkcK  dtker  tkc  beam  laofM  doacr  to  iaatalaKty 
iatnadeaQp  bccaam  of  tkc  wiiah  aiwg  of  Laadaa  dampiag  oc 
trapped  kma  beooaic  atxoager  or  botk  caa  occar.  Wkea  tkc 
trapped  hma  ate  atroog  caoagk  aad  tkc  iaatalality  growtk  is 
too  fiut  fix  kma  to  reapoad  a  trac  iaatablHty  will  deadly  aad 
beam  tiaaamM  eadttaacM  wiD  aalTer  oqdoaiae  growtk  m  km 
bcaa  obaciaad. 
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Figaro  2:  Coharoat  Powor  Spoetnun  with  Variooa  Clearing 
VoltagH 

keiaat  Kac  power  witk  tbac  akowa  tkat  tkcj  caa  Aaage  ratker 
abeaprip.  Fig.  9  akowa  one  enmpk. 

Tkc  above  caa  be  ctpleia«d  witk  tkc  modri  we  pieeaated 
ia  tke  peevioaa  aactioa,  tkat  m  beam  caiieat  iactcMw  tkc 
km  faapedaace  wiD  gradeaSp  pack  tke  otkerwiM  atable  beam 
iato  tkc  aaatablc  rogioa  aad  caaM  tkc  bcam>imi  cokereat  oa- 
fiHatino  to  grew.  UaBhe  tke  amaul  ■»***^“  impodaace,  tke 
ioa  impcdaace  riiaagm  m  tke  bcam-ioa  iatcractioa  ahem  tke 
‘bgoOhriam”  ioa  dirtiibatioa.  Wkea  tkc  beam  devri^  aa 
iaatabflUy,  laaoaaat  ioae  abo  aadctgo  cadDatioa  groarth.  Sacc 
the  beam  fa  Boemalp  mack  atiaagar  aad  men  rigid,  the  iaitial 
growth  ia  the  ookaieat  oedBatfaa  teada  to  heat  the  ini  diatri- 
botka  aad  drive  the  roeeaeat  ioaa  to  hqpcr  ampKtadea.  Aa  a 
leaelt,  tke  ioa  dfatribetkm  wiB  be  dfatoeted  m  that  tke  beam 
baeoeaM  aaaiketafcle,  aad  the  cokciaat  mcilatica  atreagtk  will 
be  Mdecod,  Jeat  m  akowa  ia  Fig.  9.  Tkc  beam  cokereat  oadl- 
latioa  fa  aecded  to  aMjatam  tkfa  modMed  ioa  diatiibetfaa  m 
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Abstract 

The  t|vdi>kBQWD  kwgitiidiiial  co<q>led-baiicb  mode  theory 
is  reviewed  and  evaluated  induding  finite  bunch  length  effects 
and  Landtm  damping  for  the  parameters  of  the  Fermilab 
Boostm.  Predictions  of  mode  growth  rates  are  found  to  be  in 
gmteral  good  agreemmit  with  experimental  observations,  both 
teaqiorally  and  in  frequency  space.  The  inclusioo  of  Landau 
daaqnng  m  the  stdiQity  analysis  is  required  to  achieve  overall 
agreement  with  the  observed  unstable  mode  spectrum.  Particle 
simulatioo  udng  the  ESME  code  are  carried  out  to  describe 
observations  of  large  amfrihade  oscillations  and  saturation 
eflbcts  near  the  Old  of  the  acceleration  cycle.  Finally,  a  model 
of  the  emittance  growth,  which  is  valid  for  growth  rates  slow 
with  respect  to  mode  frequencies,  is  explored. 

L  INTRODUCTION 

Even  after  installation  of  RF  cavity  mode  dampers 
suppressed  the  long-observed  longitudinal  couided-bunch 
instability  [1],  questiaiis  remained  as  to  whether  tte  behavior 
scaled  as  predicted  by  the  theory.  Also,  the  details  of  the 
longitiidinai  emittance  growth  scaling  were  unclear.  I%st,we 
describe  die  cmnprehensive  ctanparison  of  Booster  data  with 
the  predictions  of  the  linear  coo|ded-bunch  mode  theory. 
While  there  is  strong  evidence  that  nonlinear  effects  are 
unportant,  we  wished  to  study  the  unstable  mode  growth  data 
qumititatively  at  least  to  determine  the  regime  for  which  the 
linear  theory  is  vaM.  A  rigorous  test  of  and  modification  of 
some  ai  the  assumptions  used  in  the  literature  is  required  for 
prtqier  tqqilication  to  the  Booster.  Solutions  are  found 
numerically  using  standard  algorithms.  It  is  found  that 
induding  s^-consistently  the  effects  of  the  beam  momentum 
quead  in  the  nonlinear  RF  potential  (Landau  damping)  is 
essential  to  accutaidy  describe  the  unstable  beam  behavior. 

The  linear  theory  is  completely  inadequate  in  explaining 
the  emittance  growth  resulting  from  die  instability.  Instead,  a 
fully  nonlinear  Emulation  is  invdted  using  the  longitudinal 
partide  tradcing  code  ESME  develqied  at  Fermilab  to  study 
the  resptmse  the  beam  in  the  presence  of  a  high-Q  driving 
impedtince.  Subsequent  analyses  of  the  results  produce  an 
qualitative  scaling  of  the  emittance  growth  and  a  deepened 
understanding  of  the  subtleties  and  sensitivites  of  the 
instability  on  various  parameters. 


*  Owreai  address:  Fermi  Natioiia]  Accelenttor  Laboratory,  same  as  above. 

Work  supported  by  the  U.S.  Department  of  Energy  under  Cnntract  No. 
ra-AC»2-76CH03000. 


I.  MEASUREMENTS 

Three  quantities  were  measured  in  the  Booster  for  use  in 
the  ccmparison  with  the  theory.  Hrst,  the  impedance  due  to 
the  RF  cavity  higher-ordm-  modes  (HOM),  which  drive  the 
instability  accmding  to  the  theory,  was  measured.  [2]  Because 
the  RF  cycles  in  33  msec  from  30  to  S3  MHz.  many  (rf  the 
HOMs  also  tune,  so  data  were  reccvded  corresponding  to 
several  times  through  the  cyde.  The  beam  fluctuation  spectra 
were  obtained  by  detecting  the  signal  fmn  a  wideband  resfrtive 
wall  mmiitor  and  performing  an  FFT  using  a  TEK  DSA  602. 
An  exanqile  of  a  typical  qiectrum  may  be  seen  in  [1].  Before 
su[q)ressing  the  instability  through  the  recent  installation  of 
RF  cavity  mode  dampers,  strong  osdllations  w^  seen  in 
cotqiled-bunch  mode  (wave)  numbers  around  nalfr  and  48  (<^  a 
posdble  84).  The  spectra  were  recmded  at  several  times 
through  the  cycle  ai^  the  unstable  mode  amplitudes  were 
extracted.  We  see  the  measured  growth  of  mode  ns  16  jriotied 
in  Fig.  2.  Finally,  the  full  (95%)  bunch  lengths  H  were 
measured  through  the  cycle  in  order  to  calculate  the 
synchrotron  frequmcy  spread. 

IL  LINEAR  THEORY 

We  begin  with  the  linearized  Vlasov  equation  in  polar 
coordinates  (r,  9  [3] 

-iOf  1  + (Oj  ^ +  +  r  cos  9)^^  fo  =  0  (1) 

aO  p  Ofj 

where  we  assume  the  particle  distribution  function  /, 
normalized  to  unity,  may  be  separated  into  a  stationary  and 
perturbed  part  given  by 

/(r.9,i)  =  /o(r)+/i(r)e'®e~'“',  with  |/o|»|/i|(2) 

In  this  analysis,  we  consider  a  pure  dipole  oscillation  only.  ie. 
m=l,  and  no  mode  coupling.  In  (2),  D  are  the  normal  modes 
of  the  instability.  This  quantity  is  complex,  therefore  a 
positive  lm(D)srii  will  lead  to  growth  of  the  perturbation  and 
Re(£2)s£2r  gives  a  frequency  shift  The  force  F  in  (1)  is  the 
self-induced  force  on  the  beam  due  to  its  wake  flelds  in  the 
beamline  environment  This  force  may  be  writtra  as  the  sum 
of  products  of  the  Fourier  components  of  the  charge  density 
and  the  impedance.  After  substituting  F  and  summing  over  all 
bunches,  we  arrive  at 


0-7803-12(8-1/!»S(».00  C 1993  IEEE 


3306 


(a- 

•• 


where  7;  is  the  Bessel  functimi  and  the  impedance  due  to 

the  RF  cavity  higher-order  modes  at  the  frequencies 
a>^k<OQ  +  <Oj+Sl.  The  index  k  =  hp-¥n,  where  h  is  the 

harmonic  number,  p  the  RF  harmonic,  and  n  the  coupled- 
bunch  mode  number.  Multiplying  by  r  Ji(ic'r)/(n-  ms(r)) 
and  integrating  both  sides  over  r  leads  to  the  dispersion 
relatian 


1 


^o(f) 


^^Ji(kr)Ji(k'r) 

(Cl-a)j(r)) 


(4) 


Normally,  we  are  interested  in  solving  (4)  for  each  coupled- 
bunch  mode  asO,l,...,h,  to  find  those  eigenfrequencies  Q 
which  are  unstable.  As  this  is  an  infinite  dimension  matrix 
equation,  a  number  of  simplifications  are  generally  made.  In 
the  Uterature,  the  small-argument  expansion  is  sui^tuted  for 
one  or  both  Jiikr)  terms.  This  is  the  short  bunch 
approximation:  kr  is  the  ratio  of  mode  amplitude  to 
perUitbing  wake  field  waveloigth.  For  the  Booster,  however, 
kr  is  not  small.  Also,  to  allow  analytical  solutions,  to,  is 
often  assumed  constant,  so  that  Landau  damping  can  be 
neglected.  We  studied  both  regimes,  constant  o>j  and  oo^fr), 

to  examine  the  influence  of  Landau  damping. 

For  a  crmstant  m,  =  ,  the  denominator  in  (4)  may  be 

pulled  out  of  the  integral.  In  the  Booster,  there  are  two 
unstable  modes,  each  driven  by  two  RF  cavity  parasitic 
modes.  The  mode  around  n=:16  is  driven  by  169  ai^  220  MHz 
(RF  wder  p=3,4).  Mode  n=4%  is  driven  by  83  and  34S  MHz 
(psl,6).  Fw  each  n,  (4)  becomes  a  2x2  matrix  equation  with 
solutions  given  by  |l-Af,y|  =  0.  For  a  gaussian  particle 
distribution,  the  matrix  elements  may  be  written 


We  eliminate  the  sum  by  choosing  the  dominant  only  and 
write 


AQ  =  (o,-<b,J+iQ, 


The  integral  in  equation  (7)  is  solved  numerically,  fixing 
and  varying  fi,.  The  curves  can  be  plotted  in  the  complex  Z- 
plane  as  shown  in  Fig  1.  This  example  corre^xmds  to 
Booster  parameters  at  t=29  msec  in  the  cycle.  a>j=2x(2.2) 
kHz,  Aa)j=2i((78)  Hz.  The  solution  for  (2(0  is  found  graph¬ 
ically  by  finding  the  intersection  of  one  of  the  curves  with  the 
measured  Z^lk.  If  the  »sipedance  falls  inside  die  innermost 
curve,  the  system  is  stable.  For  a  Z/Jk  =  (1.4,  2.0)  k(2  as 
plotted  with  a  large  dot,  the  growth  rate  predicted  is  0.3  msec* 
without  Landau  damping  and  only  0.1  msec*  with. 
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where  A£2  =  |(2  -  J,  L  =  ^6)„Ti^  is  the  bunch  half  length 
in  radians  and  /;  are  modified  Bessel  functions.  The  matrix 
elements  are  evaluated  for  r=16,48  at  different  times  t  through 
the  cycle  using  the  measured  impedance  Z^.  In  each  case,  the 

larger  (2(r)  of  the  two  solutions  Ls  taken  to  dominate. 

In  the  case  of  Landau  damping,  the  frequency  spread 
n)j(r)must  be  included.  We  use  the  approximation  [3] 

(  rM 

©s(r)  =  fi»so +A<as  1-—  .  r  =  hL  (6' 


Fig.l.  Instability  curves  showing  graphical 
solution  of  growth  rate. 

We  may  use  a  WKB  approximation,  since  (2(0  is  a  slow 
function  of  time,  to  get  the  integrated  growth  of  the 
instability.  The  coupled-bunch  mode  amplitude  yrd)  is 

calculated  using 


The  result,  comparing  the  measured  dipole  coupled-bunch 
mode  amplitude  for  n=16  in  the  Booster  with  the  growth 
predicted  by  linear  instability  theory  both  without  and  with 
Landau  damping,  is  shown  in  Fig  2. 


3307 


Rg.  2.  Linear  ooui^'biincb  theory  vs.  Booster  data,  rt=l6. 

ffl.  SIMULATION 

We  used  the  longitudinal  particle  tracking  code  ESME  [4] 
10  fiiwwtt**-  the  Booster  using  the  measured  RF  cavity  HCtti s 

[2].  A  full  ring  of  84  bunches  (46k  macro  particles)  were 
tcadced  driven  in  sqnuaie  runs  by  83  and  220  MHz  impedances 
moddkd  as  LRC  lesonalors.  The  results  depend  strongly  on 
the  initial  partide  distriboiion.  We  rqtrodu^  the  observed 
dqwle  asqiiitude  and  emittance  growth  with  a  gaussian 
distribution  tracked  through  ttansititm.  In  each  case,  the 
bunches  b^in  to  osdUate  rather  ooberently  until,  at  different 
radii,  they  fUament  in  the  nonlinear  RF  potential.  The  results 
are  shown  in  Hg.  3.  The  bunches  clearly  begin  to  filament  at 
alstgeranqiliiudeonthe^  The  unstable  behavior  depends 
on  both  the  growth  rate  Qj  and  the  frequency  shift  Q,  which, 
for83MHz,anBaCactarof2and  100larger,req)ectively.  The 
unstdrie  inqiedance  parameter  qaoe  was  expkxi^  to  determine 
a  scaling  ftar  inerting  the  final  maximum  amplitude. 
Addtknal  details  are  discussed  in  [S]  and  [6]. 

IV.  DISCUSSION 

Results  from  the  linear  coupled-bunch  instabilty  theory 
show  good  quantitative  agreement  with  the  measured  growth 
de^ie  the  iarge  amplitude  ocsillaiions.  It  is  shown  that 
Tjm^h  dunping  must  be  invoked  to  predict  the  observed 
smuralion.  Two  additk»al  corrections  should  be  noted.  First, 
the  esqnession  for  the  radial  dependence  of  the  fiequency  cOf  in 
(6)  is  strictly  true  only  for  a  stationary  bucket,  ie.  when 

=  0.  A  mote  general  exfuession  gives  a  moving  bucket 

Acig  scaling  of  ^1  +  ^tan^  0s)U]-  This  result,  using  the 

same  analysis  as  that  leading  to  (7),  predicts  growth  rates 
reduced  by  up  to  a  factor  of  ten  near  transition  energy, 
whereof  =65’.  This  seems,  however,  inconsistent  with 
observations.  Second,  the  measured  stationary  particle 


disiribotioos  extracted  fmm  the  envehtpe  of  the  RF  hatnoaics 
in  the  beam  spectra  mi^  be  used  instead  in  the  calculatinns. 
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Fig.  3.  Phase  space  plots  from  ESME  simulation  for  tm 
inpedance  at  83  MHz  (left)  and  220  MHz  (ri^t)  for  the  last 
4  msec  in  the  Booster  cycle.  The  axis  scales  are 
AE  =  ±40A#eVand  Ap  =  ±3*. 
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Abstraa 

Re«>nant  interacdon  of  positively  charged,  tr^yied  resithial 
gas  ions  with  a  negatively  charged,  intense  antipioton  beam 
has  been  identified  as  the  ternary  cause  of  transverse 
instability  in  the  Femtilid)  antiproion  accumulator.  An 
iqtgraded  ion  clearing  system  was  lecmitly  installed.  This 
upgrade  yielded  a  significant  improvement  in  machine 
p^ormance  as  well  as  an  enhanced  oqiability  for  studying 
trtyqied  ion  related  phenomena.  The  operational  impact  and 
preliminaiy  results  from  some  initial  measurements  made  with 
this  system  are  presemed  herein. 

L  INTRODUCTION 

Positively  charged  ions  are  produced  by  the  coulomb 
interaction  of  the  highly  relativistic  p  beam  particles  and 
residual  gas  mtdecules  in  the  accumulator  vacuum  chamber. 
The  ions  created  by  this  {Kocess  acquire  only  quasi-thermal 
energies  (~0.1  eV)  and  are  therefore  immediately  tranted  in 
the  space  charge  potential  of  the  beam.  If  no  counteractive 
measures  are  taken,  the  trapped  ions  will  accumulate  in  the 
beam  potential  well  until  the  beam  is  completely  neutralized. 
Even  with  an  extensive  clearing  electrode  system,  uncleared 
sites  at  local  beam  potential  minima,  will  result  in  local 
neutralization  of  the  beam  and  potentially  hazardous  pockets  of 
trapped  kms. 

Pockets  of  trailed  ions  have  two  detrimental  effects.  Brst. 
the  neutralization  of  the  beam  can  cause  significant  tune  shifts. 
Bgure  1  shows  the  shift  in  the  vertical  tune  when  the  clearing 
voltage  in  one  of  the  six  accumulator  sectors  is  turned  off. 
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Bgure  1.  Vertical  schottky  profile  beftae  and  after  turning  off 
the  clearing  voltage  in  acciunulator  sector  3. 
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The  second  undesirsdile  consequence  of  uncleared  podcets  of 
trapped  ions  is  that  the  ions  in  these  pockets  can  interact 
resonantly  with  the  beam  resulting  in  large  am{dinide  coherent 
oscillations  and  sudden  emittance  growth  [1].  Bgure  2  shows 
the  growth  in  the  first  3  coherent  dipole  inodes  as  the  clearing 
voltage  is  decreased  from  900  V  to  10  V  in  one  sector  (rf  the 
accumulator.  Bgure  3  shows  a  typical  sequence  of  km  induced 
emittance  blowups.  The  operational  exigency  to  clear  trapped 
ions  is  obvious. 
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Figure  2.  Vertical  dipole  spectrum  showing  coherent 
oscillation  at  the  1-q,  2-q.  and  3-q  betatron  resonances.  As 
the  clearing  voltage  in  accumulator  sectw  2  is  reduced  in 
the  sequence  -  900  V.  200  V,  100  V,  50  V.  and  10  V, 
the  power  in  each  of  these  lines  is  seen  to  grow. 


Bgure  3.  Typical  time  evolution  of  traiqred  ion  induced 
emittance  growth. 


II.  ION  CLEARING  ELECTRODE  HARDWARE 
The  ion  clearing  sy.stem  hardware  upgrade  consists  of  six 
power  supplies:  one  for  each  of  the  six  sectors  in  the 
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Aeounabior.  The  power  supplies  are  individually  adjustable 
through  the  control  system  from  zero  to  1000  volts.  Each 
power  supply  has  ten  high  voltage  output  channels.  There  are 
an  average  of  two  spare  channels  per  sector. 

Each  channel  is  connected,  by  various  lengths  of  coaxial 
cable,  to  one  or  more  of  the  140  clearing  electrodes  located 
throughout  the  accumulator.  Ninety  of  the  electrodes  are 
actually  BI^  (beam  position  monitor)  pickups:  the  remaining 
are  dedicated  to  the  ion  clearing  system.  Since  the  BPM 
systmn  employs  a  pre-amplifier  at  each  BPM  pickup,  it  was 
necessary  to  insert  a  one  kV  E>C  isolation  barrier  in  front  of 
each  BPM  pre-amplifier  and  simultaneously  maintain  its 
comnKm-mo^  rejection  performance. 

Every  channel  is  ca{^le  of  monitoring  its  supply  current 
in  the  range  from  zero  to  ten  nA.  This  current  is  comprised  of 
both  ion  clearing  current  and  leakage  current.  The  leakage  is 
due  to  lengths  of  coaxial  cable  and  a  few  clearing  electrodes  of 
marginal  construction. 

The  supply  current  resolution  is  limited  by  system  noise  to 
6  pA.  External  noise  (kicker  magnets,  pulsed  power  supplies 
etc.)  can  further  limit  the  resolution  to  .50  pA;  however,  this  is 
dependent  upon  the  t^ratiotuil  mode  of  the  accumulator  and 
the  location  of  the  clearing  elecfrode  and  iLs  associated  cables. 

The  clearing  electrodes  are  placed  at  the  most  likely 
locations  of  trapped  ion  pockets,  which  are  the  minima  in  the 
electrostatic  potential  of  the  f  beam.  The  longitudinal 
variation  of  the  beam  potential  well  depth  depends  on  the 
transverse  size  of  the  beam  and  the  local  dimensions  of  the 
vacuum  chamber.  Bgure  4  shows  the  longitudinal  dependence 
of  the  beam  potential  and  the  deployment  of  the  clearing 
electrodes  for  one  sector  of  the  accumulatcx-. 
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Figure  4.  Longitudinal  variation  of  the  space  charge 
potential  at  the  center  of  the  beam  for  accumulator  sector  1. 
This  calculation  assumed  a  200  mA  p  beiun  and  transverse 
emittances  of  Iv  mm^mrad.  The  black  dots  indicate  the 
location  of  clearing  electrodes. 

in.  OPERATIONAL  IMPACT  OF  THE 
CLEARING  SYSTEM  UPGRADE 
The  deleterious  effects  of  trapped  ions  are  most  apparent 
during  the  process  of  extracting  p's  for  u.se  in  the  collider. 


The  number  of  P's  transferred  to  the  collider  is  critically 
dependent  on  the  extent  to  which  the  beam  can  be  cooled  in  all 
thm  dimensions[2].  Prior  to  the  clearing  upgrade,  relatively 
small  longitudinal  densities  (^  7X10'°  }l's/eV*sec)  would 
result  in  transverse  instabilities.  These  instabilities  would 
fveclude  further  transverse  cooling  of  the  beam.  The  advent  of 
the  ion  clearing  upgrade  increased  the  achievable  longitudinal 
density  by  a  factor  of  nearly  2  for  horizontal  emittances  near 
the  threshold  for  efficient  transfer  into  the  collider  (see 
Figure  .5). 


Longitudinal  Dansity  (mA/eV-Mc) 


Figure  5.  Transverse  beam  size  versus  longitudinal 
density  before  and  after  the  ion  clearing  upgrade. 

The  ion  clearing  upgr^e  eliminated  the  periodic  emittance 
blowup  phenomena  shown  in  Figure  3  for  p  stacks  of  less 
than  120X10‘». 

IV.  MEASUREMENTS  OF  TRAPPED  ION 
BEHAVIOR 

At  the  time  of  this  writing,  the  ion  current  readback  has 
been  in  operation  for  5  weeks.  During  this  time  there  have 
been  several  opportunities  to  use  this  system  to  study  trapped 
ion  phenomena.  Some  preliminary  data  from  these  studies  are 
[Hesented  here. 

A.  Longitudinal  Mobility  of  Trapped  Ions 

A  measurement  of  the  longitudinal  mobility  of  tr^q;ied  ions 
is  of  interest  in  evaluating  the  effectiveness  of  the  clearing 
system  and  ivovides  an  assessment  of  the  validity  of  the  beam 
space  charge  potential  calculation. 

The  method  u.sed  in  this  study  is  to  mrn  off  the  high 
voltage  on  one  channel  of  the  clearing  system.  When  this  is 
done,  the  pockets  cleared  by  the  clearing  electrodes  connected 
to  that  channel  will  begin  to  fill  up  with  ions.  As  these 
pockets  fill  up,  the  beam  becomes  partially  neutralized  at  these 
sites.  The  local  minima  in  the  beam  potential  quickly 
disappear  and  ions  produced  subsequently  will  not  be  locally 
trapped,  but  will  be  free  to  move  in  accordance  with  the 
longitudinal  gradient  of  the  beam  space  charge  potential.  The 
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ion  current  readback  system  is  used  to  determine  where  the 
ions  go  when  the  local  pockets  are  neutralized  in  this  manner. 

Figure  6  shows  tte  clearing  current  readback  system 
reqxmse  to  turning  off  the  high  voltage  on  channel  3  in 
accumulator  sector  1.  The  clearing  current  in  the  adjacent 
channels  (channels  2  and  4)  increase;  with  the  greatest  increase 
going  to  channel  4.  Figure  4  shows  that  there  is  a  large 
potential  barrier  between  the  channel  3  electrodes  and  the 
channel  2  electrodes  (due  to  a  change  in  beam  pipe  diameter). 
It  is.  therefore,  expected  that  the  majority  of  ions  produced 
after  the  pockets  at  the  channel  3  electrodes  fill  up  will  indeed 
go  to  the  channel  4  electrodes. 
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Bgure  6.  Display  of  the  clearing  current  readback  of  all 
instrumented  chminels  in  the  accumulator.  The  current 
values  are  differences:  Channel  3  OFF  •  Channel  3  ON. 

A  negative  value  indicates  a  net  increase  in  charge  cleared. 

It  is  also  apparent  that  the  number  of  ions  cleared  by  the 
channel  3  electrodes  before  the  voltage  was  turned  off  is  the 
same  as  the  number  of  ions  produced  at  the  channel  3  electrode 
sites  but  cleared  by  channels  2  and  4  when  the  voltage  is 
turned  off. 

This  test  was  perfcnmed  on  each  high  voltage  channel  in 
the  clearing  system.  The  result  shown  in  Figure  6  is  typical 
of  what  was  seen  in  other  channels  with  a  few  exceptions. 
The  exceptions  include:  (1)  devices  affecting  the  beam  space 
charge  potential  which  were  not  incorporated  into  the  potential 
calculation  (e.g.  stochastic  cooling  pickups  and  kickers),  (2) 
ineffective  clearing  electrodes,  and  (3)  some  genuine  mysteries. 

The  study  of  trapped  ion  longitudinal  mobility  will  be 
continued  by  attempting  to  measure  the  ion  longitudinal  drift 
velocities.  The  bandwidth  of  the  ion  current  readback  system 
is  10  Hz,  which  is  inadequate  for  this  measurement  (the 
expected  velocities  are  of  or^  several  hundred  meters/sec).  A 
portable  readback  system  with  a  bandwidth  of  2  kHz  is 
I»esently  being  built  to  facilitate  this  measurement. 

B.  Stabilization  by  Weak  RF  Bunching 

Bunching  a  small  fraction  of  the  accumulator  p  beam  with 
RF  has  been  observed  to  suppress  tran.sverse  instability[2].  A 
study  has  been  initiated  to  ascertain  the  mechanism  by  which 


this  stabilization  occurs.  One  possibility  is  that  pockets  of 
trapped  ions,  which  are  inaccessible  to  the  clearing  electrode 
system,  are  being  cleared  by  the  longitwtinal  modulation  of  the 
beam  intensity  caused  by  the  RF.  The  clearing  current 
readback  system  was  used  to  locate  these  pockets.  Figure  7 
shows  the  clearing  current  readback  response  to  bunching  the 
beam  in  a  1..S  eV*sec  bucket  with  an  1^2  suppressed  bucket 
RF  system.  Approximately  15%  of  the  beam  is  contained  in 
the  RF  bucket. 


Figure  7.  Display  of  the  clearing  current  readbadc  of  all 
instrumented  channels  in  the  accumulator.  The  current 
values  are  differences:  RF  OFF  -  RF  ON.  A  positive 
value  indicates  a  reduction  in  ctearing  current. 

The  clearing  current  readbadc  indicates  a  reduction  in  ion 
current  at  roughly  the  same  locations  in  each  sector  of  the 
accumulator.  A  reduction  in  clearing  current  is  an  indication 
that  ions  from  a  nearby  site,  which  were  previously  drifting  to 
a  clearing  electrode,  are  being  removed  by  the  effects  of  RF 
bunching  to  the  vacuum  chamber  walls.  (Generally,  it  ai^iears 
that  the  sites  being  cleared  by  RF  bunching  are  in  the  long 
straight  sections  of  the  accumulator. 

Bunching  the  beam  with  RF  is  beneficial  even  with  very 
small  buckets.  Applying  5  Volts  is  nearly  as  effective  as 
20  Volts.  Moreover,  the  beam  remains  stable  for  a  long  time 
(hours)  after  the  RF  is  turned  off. 

This  effect  is  far  from  understood.  Much  work,  both 
analytical  and  experimental,  remains  to  be  done  before  any 
further  explanation  can  be  offered. 


V.  REFERENCES 

[1]  P.  Zhou.  P.  Colestock,  and  SJ.  Werkema,  Trapped  ions 
and  Beam  Coherent  Instability.  These  imceedings  (1993). 

[2]  SJ.  Werkema.  D.W.  Peterson,  and  P.  22iou,  Transverse 
Emittance  Growth  in  the  Fermilab  Antipioton 
Accumulator  with  High-Current  Antitwoton  Stacks.  These 
proceedings  ( 1993). 


3311 


^iid:fOfP«iMeEiMifyUpgraikfortiieAI^aiidModeiiiigortlie”Real  Lattice"  for 

tte  Diagnods  of  Lattice  ProUems* 

M.  Meddabi  and  J.  Beo^non 
lawnnce  Befkd^  Labonttxy,  Uatvmity  of  Cditania 
lCycloliQaItoad.BeriaIey.CA  94720  USA 

Raai  gradkau  enore  in  quadrapotet  and  bending  magneti  were 


AAfMci 

We  have  stilled  the  chaofe  of  eiqiecied  perfonnance  at 
the  Advaoced  L^t  Source  ttoci«e  ring  at  LBL  for  die 
(deaigB)  noadnal  and  maximum  eaeigy  1.S  and  1.9  GeV 
leapecdvdy.  Furthermore,  we  have  also  ttudied  a  poesible 
iacmaae  to  23  QeV  by  modeliag  the  dumge  of  dynamical 
qMrtue  caused  by  satnrmioa  of  the  magnets.  Indupeadendy, 
we  have  also  modeled  the  beam's  tntjeciory  at  injecdon. 
Comparison  with  bpm  dssa  from  eariy  storage  ring 
cxanndssioidng  led  m  the  diagnosis  of  a  nuyor  lattice  enor  (hie 
to  a  short  in  a  quathnqKde,  which  was  rectified  leading  to 
stored  beam  of  60  turns. 

L  INTRODUCTION 

Using  magnet  measurement  data,  the  dynamic  aperture 
was  eriimaied  ftir  the  ALS  Stonge  ring  at  the  nominal  energy 
of  1.5  GeV.  By  extiapolatiag  magnet  currents,  muUqpole  errors 
for  quadrapoks  were  determined  and  used  to  estinune  die 
dynamic  qiertuie  at  1.9  GeV  and  23  GeV.  Random  magnet 
diiqdacements  of  150  pm  rms  were  used  as  well  as  random  wdl 
errors  (100  Iliad  rms  for  quadrtqnles,  50  piad  iins  for  bending 
magnets.  200  |itad  rms  for  sextupoles).  The  results  are 
discussed  hr  Sec^ioa  2.  Indqioideiitly,  in  Secdon  3,  we  present 
the  lesidts  from  modeling  of  die  ttniectory  (d  die  beam  injected 
into  the  storage  ring.  Conqrarison  with  bpm  data  from  early 
conunimioning  led  to  the  diagnosis  of  a  mnjor  lattice  error 
leadiiig  to  the  first  circulating  beam  with  60  turns.  AU  die 
simnlarions  were  done  using  TRACY  [1]. 

n.  DYNAMIC  AreRTURE  AS  A  FUNCTION  OF 
ENERGY 

A.  Dynanic  aperture  at  15  GeV 

Magnet  measurmnents  for  1.5  GeV  provide  the  muldpole 
cpon  needed  to  esdmate  the  dynamic  qiertme.  The  dyniroic 
qierture  shown  in  Rgure  1  is  essentially  determined  by 
magnet  misalignments  due  to  their  symmetry  breaking  effects 
on  the  lattice,  leading  to  enhancement  of  the  non-linear  effects. 
This  is  due  to  the  rather  large  amplitude  dq;ieadeat  tune  riiifts 
for  the  bore  Imdce  togethor  with  exdtadon  of  resonances 
linked  to  die  perturbed  symmetry.  The  medianical  igierture  is 
around  21  mm  in  the  horizontal  plane  and  10  mm  in  the 
vertical  plane. 

B,  Dynamic  aperture  at  ISf  GeV 


^<This  woric  was  siqiporied  by  the  Diiector,  OfiBce  of  Energy 
Research.  Offiee  of  Enogy  and  Nuclear  Physics,  High 
Energy  Physics  Division,  of  the  U3.  Dq»rtmeat  of  Energy 
under  Contract  No.  DE-AC-76SF00098. 


ofaiaiaed  by  scalmg  the  13  GeV  values  by  a  factor  of  2. 
suggested  from  magnet  measuremmits  at  1.9  Gev  and 
shnilariy  for  the  sextupoles.  S:^tematic  miltqxile  enon  fm 
beading  magnets  and  quarfriqioles  were  obtained  by 
interpdatioa  of  measured  i^oes  at  (fifiGBrent  cuneats.  Hgure  2 
shows  that  the  dynamic  aperture  is  leifaiced  mainly  in  die 
vertical  idane  from  1 13  nun  to  63  nmi. 


C.  Dynamic  aperture  at  2  J  GeV 

Rms  gradient  errors  in  quadrapoks  and  bending  magnets  were 
obtained  by  scaling  the  1.9  GeV  values  by  a  factor  2  and 
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Hie  time  pieaeiiied  caeef  aie  using  the  sMie  pseudo- 
nodom  nonber  seed.  The  mtxhnam  dynamical  apeitme  was 
found  to  be  fidrty  seed  indqKodent.  which  is  not  the  case  &r 
the  detailed  stractne  of  the  curve,  doe  to  vsriatioa  of  esdted 


m.  MCHDEUNO  OF  T^IB  REAL  LATTICE 

At  die  time  bpm  data  became  available  the  beam  hi  the 
storage  rtag  was  chcolati^  for  otSy  a  few  turna.  Since  die 
bpm  syamm  has  been  derif^  to  also  record  turn  by  turn  data 
P]  it  is  posafole  to  anrijm  the  tnyectory  of  the  htje^  bema. 
Modettng  of  the  data  mdicated  a  gradient  error  at  one  or 
possOdy  two  differmit  locatfoos  in  die  lattice.  Ibis  was 
confomed  by  R.  K^er  (assisted  by  the  ALS  aperadons  team), 
widiin  a  few  hours,  as  a  short  in  a  qnadnqiole  magnet. 
Correction  of  die  error  led  fanmediately  to  ^  first  beam 
circulating  far  60  toms.  The  following  analysis  is 
straightforumrdbotiioiittivud  due  m  the  Ihnited  performarice 
of  diebpin:satdustime,i.e.  1-2  mm  accuracy  down  to  3  mm 
for  large  diaplacemmits  in  both  planes,  doe  to  limited 
dynan^cal  raige  and  inpot  threshold  in  die  electtoaics. 

The  model  was  calibtaied  by  osing  the  bpm»  in  sector  I 
to  6  (out  of  12)  since  the  beam  nudoes  it  smoothly  half  a  turn 
but  is  losttt  roi^ly  2P  of  a  tmn.  An  8  parameter  least  square 
fit  of  the  data  gives  for  the  hutfadconditioos 

X  > -0.62  mm,  px  > -0.259  miad 
yai-l.29mm.py>  0.326  mrad 

and  the  for  the  qoadmpolB  k-valoes 

-  2.13  (^13)  m-2.  k^  -  -2.02  (-Z14)  m-2. 
k^- 2.93(2.98)111-2.  kb- -0.802  (-a714)  m-2 


brackets.  The  less  deviations  becwesn  kpni  data  and  aiodd  ate 
0,20  mm  and  0.21  asm  for  du  horfoonid  and  vertical  planes 
reapecdvefy.  If  we  assume  a  random  errar  of  2  nun  rms  for 
ea^  bpm  we  have 

A  X(M-^^-0.29mm 


ahme  we  am  osiag  47  bpm:s,  which  is  conaisteiM  with  onr 
analyais.  The  result  is  shown  in  Flfsm  4. 


Figure  4;  Gslibration  of  modd.  sector  1-6 

Examination  of  die  resnks  show  agreement  wMan  1-2  mm 
on  the  average  and  individual  disagieMaents  up  to  3-6  sam.  in 

|i^tfi^lyilMn  tii»  ki  hnili  pteiMHi 

clear  diat  attenqiis  to  estunate  the  initial  oonditioiis  from  the 
first  two  bpm;s  are  fbdle  ifaie  to  large  errors,  only  statistical 

■n^yA  r—  |rtw  Wqwlty. 

One  finds  little  improvement  when  magnet  misalignments 
based  on  survqr  dam  are  added  to  the  aso^  This  is  doe  to 
die  large  excatsioos  made  by  the  iqlected  beam.  It  is  therefore 
itrelevattfisr  the  condnued  analysis. 

When  sector  7  and  8  are  included  the  rms  deviadons 
between  bpm  dam  and  model  increase  to  0.28  mm  and  031 
mm.  Nom  dmt  we  are  adding  16  more  dam  pohim  uid  woidd 
eaqiect  the  rms  values  to  decrease.  Something  is  clearly  wrong 
whhin  these  two  sectors,  see  Figure  3. 

We  conclude  diat  major  deviations  between  Iqim  dma  and 
modd  start  to  diow  ap  at  Ipm  number  38.  However,  a  kick  (rf 
a  few  mrad  has  to  ptopuf^  a  few  meters  to  show  op  as  a 
di^ilacciiieat  on  the  b^s.  The  lattice  error  might  well  be 
qistieam  of  this  point.  Some  simple  trials  (by  adi^  kids  to 
the  model)  oonfi^  the  problem  fitora  the  end  sector  7  to 
die  end  of  sector  8.  After  some  furdier  trial  and  error  we  frnmd 
that  only  the  frAowhig  kicks  have  a  possibility  to  rq;m)dnce 
the  data.  Ihe  vertied  ld±s  are 

ei^(SR  7  QFA 1)  « -0.9  mrad 
Qa(SR  8  QFA 1)  « J9.8  Hired. 

9^(SR  8  QFA  9  -  31.4  mrad 

logcdier  widi  a  horinntd  lock 

9^(SR  8  QFA  2) « -4.9  mrad 
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FilneS:  Sector  1-8 


Fi|vn  6:  Sector  1-8  with  fined  kicks 


Tbe  fiat  kick  is  oe^igMe,  iA  no  n^ior  dnofs  of  die  IBM 
deeiMioas  tms  fiMBd  (wUiin  dw  eqiecied  aocMacy)  if  it  was 
left  oat.  We  lave  dMNtee  locaied  dM  probkoi  le  SR  8  <^A  1 
sod  SR  8  <^A  2.  Wb  ooaclade  final  die  sunolatioas  diat  it  is 
clear  das  kicks  in  QP.  (y>  sod  the  beads  cse  not  reproduce  the 
tpas  d«a  ki  sector  8.  Oa  Ike  odier  haod,  by  addkig  kida  at  SR 
8  QPA  1  sad  SR  8  QPA  2  we  can  restore  the  agieeaieat 
between  bpBs  data  sad  BMdd  to  the  expected  leveL  Note,  diat 
we  have  liniited  atadaiics  dowaatreani  ^  these  magnets. 

R  is  possible  to  obtain  sonie  iafiarBaaioa  of  die  natore  of 
the  field  enor  (dipole,  giadkot  etc.)  by  analyziaf  a  second 
Aot  adn^  dao  provides  a  oonsisieiiey  check.  Iqjectiaa  jitter 
will  sliilitly  dtange  the  betna  initial  cotnfitions  so  that  it 
fidlows  a  different  tngectosy.  We  compmed  the  necessary 
lodks  to  reprodaoe  the  bpin  data  in  this  case.  If  the  kicks  are 
stgnificaBHy  owereat  iroBi  tae  previoas  case  tne  neifl  error  IS 
obvioosly  not  of  d^wle  type.  As  befbre  agreeoieat  widi 
model  was  restored  by  adng  die  fidlowinf  vertical  kicks 


7  <9A  1)  « -2.0  oaad 

8  QPA  1)  «  .202  oaad 
t  QPA  2)  -  99.9  aaad 

9BD  SIO  OQCBQHHItt  BKK 

8  QFA  2)  - -5  J  naad 

These  kicks  dffhn  by  a  fiictor  of  two  fioas  dwpaBvions.  Hie 
fidd  error  is  deariy  not  of  dipole  orpeL  The  resnit  is  idaiwB  in 
Fi(nre7. 


Rgnre  7:  Second  shot,  sector  1-8  widi  fitted  kicks 


IV.  CONCLUSION 

Dynamic  apertures  stndies  show  a  redaction  (rf  the 
dynamicd  spertore  mamly  in  die  veiticd  pfame  when  die 
energy  is  iacreased  firom  1.5  to  23  QeV.  The  stmty  was 
limited  to  die  transverse  dynamics.  Analysis  of  bpm  data 
proved  to  be  nsefiil  in  diagnosing  a  imyor  lattice  error  during 
early  commisioaing.  The  error  was  diagnosed  within  a  few 
hoars,  after  presemaiioB  of  the  andysis,  as  a  short  dicuit 
between  two  leads  to  one  of  the  coils  Ibr  the  quathupde  SR  8 
<^A  1  immediaidy  leaiBng  to  60  turns. 
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We  |»eeeiit  hi  overview  of  the  calculated  longitudinal  and 
tranaverae  coupled-hunch  (CB)  grcwtii  ratea  uaing  the 
meaaured  RF  cavity  higher  ordn  mode  in^MMlaace  and  ea> 
timated  ranative  wall  (RW)  impedance  for  the  piopoaed 
PEP'II  B'Pect<Mry{l],  adual-ringelection-poaitron  coWder. 
We  ako  deaerihe  a  viaual  method  of  lepieaenting  the  ef¬ 
fective  beam  impedance  and  emreq^ding  growth  ratea 
which  ii  eapecially  uaeful  for  undcratanding  the  depen¬ 
dence  of  of  growth  rate  on  higher  <wder  mode  frequency 
and  Q,  q>read  of  ROM  frequenciea  between  ceDa,  and  fw 
determining  the  requirementa  ot  the  CB  feedback  syatemi. 

Introduction 

Becauae  of  the  high  beam  current  and  Inge  nunfeer  of 
bunchea  at  PEP-II,  a  propoeed  dual-ring  dectrmi-poaitrmi 
cdlider,  CB  inatabilitiea  are  predicted  to  be  <me  of  the  lim¬ 
iting  factora  in  achieving  the  dcaign  beam  intenaity.  Longi¬ 
tudinal  and  tranaverae  CB  feedback  ayatems  are  currently 
being  deaigned  to  confeat  thia  problem.  This  p^>er  pro- 
vklea  a  detailed  eatimate  of  the  growth  rates  in  the  PEP-II 
low  energy  ring  (LER)  using  the  measured  ROMs  of  the 
kw-power  model  of  the  PEP-II  cavity  and  the  rei^ive 
wall  impedance.  The  growth  rates  in  the  high  energy  ring 
(RER)  ate  lower  by  M).7-3  because  the  factor  3  in  beam 
energy.  This  p^>er  does  not  include  any  discussion  of  the 
CB  effects  resulting  from  the  interaction  of  the  beam  with 
the  fundamental  iiK>de  of  the  cavity. 

Coupled-bunch  Impedance 

In  the  case  oS  longitudinal  beam  oscillations,  the  RF  cav¬ 
ities  provide  the  only  sources  impedance  strong  mough 
to  drive  CB  instabilities.  A  series  of  measurements  char¬ 
acterising  the  resonant  modes  of  the  PEP-II  RF  cavity 
cell  have  been  performed  on  a  low-power  prototype  model. 
A  summary  cf  the  properties  of  the  monopole  and  dipole 
higher  order  modes  (ROMs)  is  given  in  reference  [2],  in 
these  pri^ceedings. 

In  the  case  of  betatrem  oscillaticos,  there  are  two  sources 
of  impedance  ferge  enough  to  drive  CB  instabilities:  the 
RF  cavities  and  the  RW  impedance.  An  estimate  of  the 
RW  inqiedance  has  been  msde[3],  taking  into  account  the 
variable  resiMivity,  aperture,  and  cron  section  of  the  vac¬ 
uum  chambH  around  the  ring.  Becauae  of  the  nwrower 
vortical  aperture  in  a  luge  pHt  of  the  vacuum  chamber, 
the  vertical  IBV  impedance  dominates  over  the  horisontal. 

*TUs  wwfc  WM  upparted  by  the  Director,  Ofike  ef  Eaeray  R»- 
■eerrh,  O0hse  at  Beeic  Eneray  Sdences,  Meteiiele  Sdencee  Division, 
of  the  U.S.  DeperU— t  of  Eneiay  ante  Contract  No.  DE-AC03- 
76SF000M. 


The  net  vertical  RW  impedance,  scaled  by  the  ratio  of  the 
beta  function  at  the  RW  inqiedances  and  the  RF  cavities, 
is  given  by  Zx,jiiv  =0.566  MO/m/ y/f(MHz). 

Coupled-bunch  Growth  Rates 

Lo»§Hudimd  £!ffeeta-The  bngitudinal  complex  frequency 
shift  of  CB  mode  f  for  a  bunched  beam  vrith  N  equally 
populated  and  equally  qpaced  bunches  is  given  by[4] 


AwS  =  iJsiufLifzt]* 
2(E/e)Q.  I  •J*/ 


jks— 00  ^ 


Wp  =S  (pN  +  t-^  QfVo-  (3) 

where  /o  is  the  revolution  frequency. 

The  effective  impedance,  represents  the  sum  of 

the  beam  spectrum  over  the  actu^  inqiedance.  Ihe  c<hii- 
plex  frequency  shift  was  evaluated  using  the  measured  pa¬ 
rameters  shown  in  Table  1  and  the  measured  ROM  param¬ 
eters  given  in  [2].  The  imagmwy  part  of  Eq.  1  represents 
a  growth  (Mr  damping  of  the  CB  mode  and  is  driven  by  the 
real  pvt  ot  the  impedance.  Ihe  growth  rates  were  calcu¬ 
lated  for  the  worst  case  of  no  spread  in  BOM  frequencies 
among  the  RF  ceOs. 

Because  cS  the  sanqiling  of  the  cavity  wakefields  by  the 
beam,  the  BOM  impedances  are  aliased  into  a  frequenqr 
bandwidth  given  by  1/2T),  where  7)  is  the  bunch  sq>a- 
ratk»  in  time.  For  the  case  of  every  othv  RF  bucket 
filled,  the  frequency  bandwidth  is  119  MBs.  We  conskler 
here  the  impedances  aliased  into  the  frequency  band  0-119 
MBs.  The  summation  for  the  effective  inqiedance  given  in 
Eq.  2  represents  this  aliasing.  The  real  pvt  of  the  effec¬ 
tive  longitudinal  inq>edance  driving  the  kmgitudinal  cou¬ 
pled  bunch  modes  is  shown  gr^ihically  in  Figure  1.  The 
effective  inq>edance  is  plotted  on  the  left  axis  and  the  cv- 
responding  growth  rates  of  the  unstable  beam  modes  are 
plotted  on  the  ri^t  axis.  The  dotted  line  represents  the 
effective  impedance  resulting  in  growth  for  CB  modes  cor- 
reqmnding  to  upper  sidebands  in  the  frequency  band  0-119 
MBs.  The  dvl^  line  is  the  effective  impedance  resulting 
in  growth  for  lower  sidebands  in  the  same  frequency  band. 
Note  that  the  d  vhed  line  represents  a  damping  impedance 
the  upper  sideband  modes  in  the  same  frequency  band. 
Several  of  the  aliased  ROM’s  are  labeled  vc(Mrding  to  their 
resonant  frequency  v  given  in  [2]. 

The  CB  n^e  frequencies  are  closely  spaced  because  of 
the  low  revolution  fr^uency.  Therefore,  there  is  very  little 
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Figure  1:  Longitudinal  CB  growth  ratea  and  the  effective  impedance  in  the  0-119  MHi  frequency  band.  The  largest 
HOMs  have  been  labded  according  to  their  resonant  frequency  in  MBs.  CB  mode  frequencies  are  too  closely  spaced  to 
be  resdved  on  this  scale. 


Symibol 

Description 

Lfik  Value 

E 

Beam  energy  (<^V) 

3.109 

C 

Circumfmnce  (m) 

2199.318 

frt 

RFReq. 

476  MBs 

No.  d  bunches 

1746 

lo 

Beam  current  (A) 

2.14 

a 

M<Hn.  conq>action 

1.49e-3 

Q, 

Synchrotrcm  tune 

0.05 

Nrf 

No.  of  RF  cells 

10 

X  j  0-ttoa  tunes 

32.28,35.18 

«ver.  /7,.»(m) 

10.84,9.95 

Ihble  1:  PEP-II  LER  parameters  used  for  calculations*. 

dfect  cS  shifts  in  the  frequencies  d  the  HOMs  because 
they  ate  already  heavily  danq>ed  or  in  riiifts  of  the  CB 
mo^  frequoicies.  However,  further  “de-Qing”  of  an  HOM 
would  h^  by  bringing  down  the  ROM's  shunt  impedance 
even  further.  This  could  be  accomplished  by  even  more 
aggressive  damping  of  the  HOMs  or  a  spread  in  the 
HOM  frequoBcies  between  the  various  RF  cells. 


Lon§HudnuU  Feediaek  Thnuholi-  A  CB  feedback  (FB) 
qrstem  is  being  dengned  to  damp  the  unstable  modes  plot¬ 
ted  in  Figure  1.  Neglectmg  any  aid  from  radiation  danq>- 
ing,  the  damping  limit  of  the  FB  qrat«n  is  reached  when 
the  beam-induced  vohage/tum  equals  the  maximum  FB 
kick  voltage/tum.  The  magnitude  d  the  beam-induced 


voltage/tum  is  given  by 

V*  =  =  /oA^Z|,c//  (4) 

where  ffi, •//({•*)  ~  (w/wr/)ff|(w)  is  the  where  Ado  i* 
anq>lituae  of  idiase  m^ulatkm  at  the  RF  frequency  for  a 
CB  mode.  The  maximum  longitudinal  kkk/turn  is  4  kV 
and  a  maximum  kmgitudinal  CB  amplitude  (ff  0.03  rad  is 
assumed. 

TVsssverse  Effects-  The  transverse  complex  frequency 
shift  of  CB  mode  f  for  a  bunched  beam  with  equally  pop¬ 
ulated  and  spaced  bunches  is  given  by[4] 

where 

\PLZxti,  =  /?x  (6) 

and 

Wp  =  (piV-hf  ■fQx)u>o-  (7) 

Zo  is  the  DC  current  and  Pi.  is  the  transverse  beta  function 
at  the  location  of  the  impedance.  The  complex  frequency 
shift  was  evaluated  using  the  parameters  shown  in  Ibble  1 
and  the  dipole  in  reference  [2]. 

The  contributic»  to  the  part  of  tiie  effective  trans¬ 
verse  impedance  from  the  HOMs  is  shown  graphically 
in  Figure  2.  The  dotted  line  represents  the  effective 
impedance  resulting  in  growth  for  CB  modes  cmrespond- 
ing  to  upper  sidebands  in  the  frequency  band  0-119  MHi. 
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Frequency  (Hz) 

Figure  2:  Vertical  CB  growth  rates  and  the  effective  impedance  in  the  0-119  MBs  frequency  band  from  the  RF  cavity 
dipole  HOM  and  the  resistive  wall  impedance. 


The  dadied  line  is  the  effective  impedance  resulting  in 
growth  for  lower  sidebands  in  the  same  frequency  band. 
Note  that  the  dashed  line  represents  a  damping  impedance 
for  the  upper  sideband  modes  in  the  same  frequency  band. 
The  radiation  daoqting  rate  is  also  plotted. 

Most  of  the  HOMs  have  beoi  well  danqied  such  that 
they  give  growth  rates  below  the  radiation  damping  thresh¬ 
ed.  However,  there  appears  to  be  two  narrowband  dipole 
modes  that  can  cause  possible  problems.  Further  investi¬ 
gation  of  the  modes  is  continuing. 

There  is  relatively  little  detrimental  effect  on  the  growth 
rates  from  changes  in  the  betatron  tune  or  changes  in  an 
HOM  frequencies  assuming  that  all  RF  cells  change  equally 
because  of  the  extent  of  the  damping  of  the  HOMs  and 
the  relatively  small  revolution  frequency.  If  the  HOM  fre- 
quoicies  in  the  various  RF  cells  do  not  shift  equally,  the 
net  HOM  impedance  can  be  reduced,  thus  lowering  the 
growth  rates.  However,  the  RW  impedance  does  not  vary 
significantly  over  time.  It  is  expect^  to  be  the  dominant 
effect  in  the  transverse  plane. 

Ihinsversr  Feedback  Threshold-  Neglecting  any  aid  from 
radiation  damping,  the  limit  of  the  transverse  feedback  sys¬ 
tem  is  reached  when  the  beam-induced  voltage/tum  equals 
the  maximum  feedback  kick  voltage/tum.  The  magnitude 
of  the  beam-induced  voltage/tum  is  given  by 

Vi  =  /oAzZx  (8) 

where  Az  is  the  transverse  oscUlati<m  amplitude  for  a  CB 
mode.  The  maxinnim  vertical  kick/turn  u  5  kV  and  a 
maximum  transverse  CB  amplitude  of  1  nun  is  assumed. 
As  in  the  longitudinal  case,  the  transverse  feedback  gain 


can  be  raised  to  sufficiently  stabilise  a  quiescent  beam. 

Conclusions 

Most  longitudinal  CB  modes  are  damped  near  or  below 
the  radiation  damping  rate.  The  rest  should  be  damped  by 
the  FB  qrston.  One  remaining  monopole  HOM  requires 
further  danq>ing.  The  transverse  plane  is  dominated  by 
the  RW  inq>edance.  and  two  other  dipde  HOMs  which 
can  potentially  drive  beam  modes  at  a  comparable  riAe 
but  will  likely  be  reduced  because  of  cdl-ceD  differences. 
Landau  damping  from  the  intrabunch  tune  spread  is  not 
effective  in  damping  any  of  the  fastest  growing  CB  modes 
at  full  beam  current  although  it  nu^  help  at  lower  currents. 

The  author  would  like  to  thank  Glen  Laiid>ertson  for 
many  useful  discussions  and  memben  of  the  Cent«  for 
Beam  Physics  at  LBL  for  their  general  suppwt  and  en¬ 
couragement. 
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AMnct 


•paced  bunches  is  given  by[4] 


We  i^Naeni  an  overview  of  the  calculated  kuigitadiaal  and 
transverae  coupled-bunch  (CB)  growth  rates  using  the 
measured  RP  cavity  higher  order  mode  (HOM)  impedance 
for  the  Advanced  Li^t  Source  (ALS),  a  1.5  GeV  electnui 
storage  ring  tat  producing  synchrotrcm  radiation.  We  also 
deserflMi  a  visual  method  ot  ly^resenting  the  effective  beam 
impedance  and  correq)onding  growth  rates  which  is  espe¬ 
cial^  useful  fi»  understanding  the  dependence  ct  growth 
rate  on  HOM  frequency  and  Q,  for  detmnining  the  re¬ 
quirements  of  the  CB  feedback  system,  and  for  interpreting 
measured  beam  spectra. 

Introduction 

Because  of  the  high  beam  current  and  large  number  of 
bunches  at  the  ALS,  CB  instabilities  ace  predicted  to  be 
one  of  the  limiting  factors  in  achieving  the  design  beam 
intennty  while  maintaining  good  beam  quality.  Longitu¬ 
dinal  and  transverse  CB  feedback  systems  are  currently 
being  designed  to  cmnbat  this  problem. 

Coupled-bunch  Impedance 

In  the  ease  tA  longitudinal  beam  oscillations,  the  RF  cav¬ 
ities  provide  the  only  sources  of  impedance  strong  enough 
to  drive  CB  instabilities.  A  series  tji  measurements  char¬ 
acterising  the  resonant  modes  of  the  ALS  RF  cavity  have 
been  performed.  A  summary  of  the  measurements  is  given 
in  reference  [3],  in  these  proceedings. 

In  the  case  of  betatrmi  oscillations,  there  are  two  sources 
of  impedance  large  enough  to  drive  CB  instabilities:  the 
RF  cavity  dipole  HOMs  and  the  resistive  wall  (RW) 
impedance  of  the  vacuum  chamber.  A  careful  estimate 
of  the  RW  impedance  has  been  made(2],  taking  into  ac¬ 
count  the  variable  resistivity,  aperture,  and  cross  section 
of  the  vacuum  chamber  around  the  ring.  In  addition,  the 
transverse  beta  functbns  vary  wound  the  ring.  Because  of 
the  narrower  vertical  q>erture  in  the  chamber,  the  verti¬ 
cal  inq>edance  dominates  the  horisontal.  The  net  vertical 
RW  impedance,  scaled  by  the  ratio  of  the  beta  function 
at  the  RW  impedances  and  the  RF  cavities,  is  given  by 

Zj.jtw=0.59 

Coupled-bunch  Growth  Rates 

LongUudmal  Effects 

Tlw  Imigitudinal  complex  frequency  shift  of  CB  mode  t 
for  a  bunched  beam  with  N  equally  p(q>ulated  and  equally 

*Tlus  work  was  suppctteilv  tka  Diiector,  Office  of  &ieix3r  Re- 
•eardi.  Office  of  Basic  Eaersjr  Sdences,  Materials  Sdcnces  Dirisioa, 
of  tlM  U.S.  Dq^actment  of  Enecsy  ante  Contract  No.  DE-ACOS- 
76SFD00W. 


■  2(^/e)g. 


(1) 


where 

J9**00  * 

and 

Uf  =  (pN  +  t  +  Qi)uo-  (3) 

The  effective  impedance,  represents  the  sum  of 

the  beam  spectrum  over  the  actual  impedance.  The  com¬ 
plex  frequency  shift  was  evaluated  using  the  measured  pa- 
ranuters  shown  in  Thble  1  and  the  measured  HOM  param¬ 
eters  given  in  [3].  The  imaginary  part  oi  Eq.  1  represents 
a  growth  ot  damping  of  the  oscillation  and  is  drivoi  by  the 
teal  part  of  the  impedance.  The  growth  rates  were  calcu- 
l^d  for  the  worst  case  of  no  spread  in  HOM  frequencies 
between  the  two  RF  cells. 

Because  ct  the  sampling  of  the  cavity  wakeiields  by  the 
beam,  the  HOM  impeduices  are  aliased  into  a  frequency 
band  of  0-l/27»,  where  Ti  is  the  bunch  separation  in  time. 
Fm  nominal  ALS  conditions,  the  frequency  range  is  0-250 
MHs.  The  summation  for  the  effective  impedance  given 
in  Eq.  2  represents  this  aliasing.  The  real  part  of  the 
effective  longitudinal  impedance  driving  the  longitudinal 
coupled  bunch  modes  is  riiown  in  Figure  1.  The  effective 
impedance  is  pbtted  on  the  left  axis  and  the  growth  rates 
of  the  unstable  beam  modes  larger  than  radiatirm  damp¬ 
ing  are  plotted  rm  the  right  axis.  The  unstable  CB  modes 
themselves  are  represented  by  sdid  vertical  lines.  The 
dotted  line  represents  the  effective  impedance  reralting  in 
growth  for  CB  modes  cmresponding  to  upper  sidebands  in 
the  frequency  range  0-250  MHz.  The  dashed  line  is  the  ef¬ 
fective  impedance  resulting  in  growth  for  lower  sidebands 
in  the  same  frequency  range.  Note  that  the  dashed  line 
represents  a  damping  impedance  for  the  upper  sideband 
modes  in  the  same  frequency  range.  Several  cS  the  aliased 
ROM’s  are  labeled  according  to  their  resonant  frequency 
as  given  in  [3].  The  radiation  danmins  rnte  is  also  shown 
in  the  figure. 

The  plot  of  the  effective  impedance  clearly  shows  the 
dependence  of  growth  rate  on  HOM  parameters  such  as 
resonant  frequency,  Q,  and  ssmchrotron  tune.  For  exam¬ 
ple,  if  a  high-Q  HOM  is  damped,  it’s  vridth  will  increase 
and  the  peak  value  of  the  shunt  impedance  will  decrease. 
However,  as  it’s  width  increases,  it  vrill  drive  unstable  more 
CB  modes.  In  addition,  the  dependence  of  growth  rate 
on  variations  of  the  HOM  frequency  resulting  from  cav¬ 
ity  tuner  position  and  water  temperature  <«  on  changes  in 
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Pmmmtet 

= 

Vabie 

St 

Beam  energy 

1.5  GeV 

C 

Circumference 

196.8  m 

Ut 

RF  fVeq. 

499.654  MBs 

RMS  6EIE 

7.1e-4 

N 

Number  of  bunches 

328 

h 

Tbtal  DC  beam  currmt 

0.4  A 

tt 

momentum  ctHupacticn 

1.594e-3 

Q, 

Synchrotron  tune 

0.009105 

Or 

RMS  bunch  length 

3.9  mm 

QajI 

Horisontal  betatron  tune 

14.28,  8.18 

fimji,emv 

cavity 

11.5  m,  5  m 

'IU>le  1:  ALS  paruneten  used  for  calculations. 

the  qmchrotioB  tune  is  easi^  found.  The  plot  of  the  effec¬ 
tive  inqiedance  is  also  vnry  useful  in  interpreting  measured 
qtectra  of  CB  oscillations  because  of  the  diurect  correlsr 
tkm  between  CB  sidebands  and  HOMs. 

Landau  damping  from  the  tune  spread  due  to  the  non¬ 
linearity  of  the  RF  voltage  is  not  effective  in  damping  any 
of  the  fast-growing  CB  modes  at  fiiU  current  because  of 
the  short  bunch  length. 

Lonfituimal  Fudiack  Tkrukoli 

A  CB  feedback  system  is  being  designed  to  damp  the  un¬ 
stable  modes  plotted  in  Fig.  1.  Neglecting  any  aid  from 
radiation  dan4>ing,  the  damping  limit  of  the  FB  system  is 
reached  when  the  beam-induced  volta?e/tutn  equals  the 
maximum  FB  kick  voltage/tum.  The  magnitude  of  the 
beam-induced  voltage/turn  is  given  by 

Vi  =  /oA^Z|  =  (4) 

where  =  (u;/u;r/)Z|(w)  is  the  where  A^  is  the 

anqplitude  (ff  phase  modulation  at  the  RF  frequency  for 
a  CB  mode.  The  maximum  kmgitudinal  kick/turn  is  1.5 
kV  and  a  maximum  longitudinal  CB  mode  amplitude  of 
0.03  rad  is  assumed.  For  ALS  iqjection  conditions,  all  lon¬ 
gitudinal  CB  modes  are  excited  much  less  than  0.03  rad. 
The  limit  of  impedance  the  longitudinal  FB  can  damp  is 
included  in  Fig.  1. 

Transverse  Effects 

The  transverse  complex  frequency  shift  of  CB  mode  i  for  a 
bunched  beam  with  equally  populated  and  spaced  bunches 
is  given  by[4] 

where 

\fixZxtff  =  fix  (6) 

ps— 00 

and 

Up  —  {pN  +  t  +  Q±)uo.  (7) 


/o  is  the  DC  currrat  and  0x  is  the  transverse  b^afimctioB 
at  the  locatim  of  the  in^tedance.  Using  the  dipde  cavity 
modes  from  [3],  the  complex  frequmcy  shift  was  evaluated 
the  parametm  shown  in  Table  1. 

lie  real  part  of  the  effective  vwtkal  iiiq>edance  is 
shown  in  Figure  2.  The  dotted  line  represents  the  effec¬ 
tive  inq)edance  renilting  in  growth  for  CB  modes  corre- 
q>onding  to  upper  ndebands  in  the  frequracy  range  0-250 
MHi.  The  dashed  line  is  the  effective  impedance  resulting 
in  growth  for  lower  ndebands  in  the  same  frequency  range. 

Landau  damping  from  the  intrabunch  tune  spread  due 
to  the  nonlinearity  of  the  transverse  restoring  force  is  not 
easy  to  evaluate.  For  the  assumed  value  of  the  tune  spread 
of  0.01,  Landau  danq>ing  is  not  effective  in  damping  any  of 
the  CB  modes  at  full  beam  current  althou^  it  m^  hdp 
at  lower  currents.  Head-tail  damping  for  the  expected 
strength  of  the  broadband  impedance  is  not  significant. 

Transverse  Feedback  Threshold 

Neglecting  any  aid  from  radiation  damping,  the  limit  of  the 
transverse  FB  system  is  reached  when  the  beam-induced 
voltage/tum  equals  the  maximum  FB  kick  voltage/tura. 
The  magnitude  of  the  beam-induced  voltage/turn  is  given 
by 

Vi  =  /oAxZx  (8) 

where  Ax  is  the  transverse  oscillati<»  anq>litude  for  a  CB 
mode.  The  maximum  transverse  kick/tura  is  1.6  kV  and 
a  maximum  transverse  CB  amplitude  of  1  mm  is  assumed. 
As  in  the  longitudinal  case,  the  transverse  FB  gain  can  be 
raised  to  sufficiently  stabilize  a  quiescent  beam.  For  ALS 
injection  conditions,  all  transverse  CB  modes  ate  excited 
much  less  than  1  mm.  The  limit  of  the  transverse  FB  is 
shown  in  Fig.  2. 

Conclusions 

Longitudinal  CB  growth  rates  in  the  ALS  are  ~l/mBec. 
IVansverse  CB  growth  rates  are  0.5-1/mBec.  The  growth 
rates  are  sensitive  to  detailed  RF  cavity  conditions  and 
betatron  tunes.  The  proposed  CB  FB  systems  can  damp 
aU  unstable  modes  for  the  expected  iqjection  conditions. 

The  authcn  would  like  thank  Glen  Lambertson  for  many 
useful  discussions  and  menfoers  of  the  Center  for  Beam 
Physics  at  LBL  for  their  general  support  and  encourage¬ 
ment. 
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Figure  1:  Longitudinal  coupled-bunch  growth  rates  and  the  effective  impedance  in  the  0-250  MBs  frequency  band. 
The  largest  HOMs  have  been  labeled  according  to  their  resonant  frequency  in  MHz.  Only  CB  modes  with  grwoth  rates 
greater  than  radiation  damping  are  shown. 


Figure  2:  Vertical  coupled-bunch  growth  rates  and  the  effective  impedance  in  the  0-250  MHz  frequency  band  from  the 
RF  cavity  diprde  HOM  and  the  resistive  wall  impedance. 
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Abstract 

Time  domain  solutions  fot  a  coasting  beam  intetacting 
with  a  longitudinal  or  transverse  impedance  am  presented. 
The  treatment  is  limited  to  first  order  perturbation  theory, 
but  it  includes  Landau  damping. 

I.  INTRODUCTION 

Analytic  treatments  of  the  linearised  Vlasov  equation  are 
usually  posed  as  eigenvalue  problems  in  the  frequency  do¬ 
main  [1,  2,  3],  while  computer  codes  usually  work  in  the 
time  domain.  In  this  note,  a  time  domain  approach  to 
the  linearised  Vlasov  equation  is  introduced.  The  tech¬ 
nique  is  applied  to  both  longitudinal  and  transverse  coast¬ 
ing  beam  instabilities.  In  both  cases,  the  Vlasov  equation 
is  reduced  to  a  one  dimensional  Volterra  equation  of  the 
second  kind.  Analytic  solutions  for  specialised  distribu¬ 
tions  are  presented.  The  solutions  are  easily  expressed  in 
simple  functions,  allowing  for  detailed  analytic  scrutiny,  as 
well  as  making  them  easy  to  include  in  computer  code. 
The  following  two  sections  focus  on  the  longitudinal  case. 
The  transverse  case  is  presented  in  section  IV. 

II.  THEORETICAL  DEVELOPMENT 

For  a  coasting  beam  with  self  forces  due  to  a  longitudinal 
wake  potential,  the  Vlasov  equation  reads 

=  0.  (!) 

In  equation  (1),  9  is  the  azimuth  around  the  machine,  uq 
is  the  angular  revolution  frequency  for  the  idectl  particle, 
6  =  Ap/po  is  the  fractional  momentum  deviation,  q  is  the 
frequency  slip  factor,  and  ^(0, 6,  t)d9d6  is  the  number  of 
particles  in  d0  x  dS  &t  time  t. 

The  effect  of  the  wake  potential  is  contained  in  6.  In  the 
smooth  approximation: 


lag,  and  I{9,  t)  is  the  beam  current  as  a  function  of  asimuth 
and  time. 

As  usual,  assume  that  the  phase  space  distribution  is 
given  by  an  unperturbed  piece,  plus  a  small  perturba¬ 
tion.  In  the  limit  of  first  order  perturbation  theory,  the 
asimuthal  harmonics  are  orthogonal  and  may  be  studied 
individually: 


m  S,  t)  =  MS)  +  MS,  ~  (3) 

It  is  assumed  that  the  wake  force  due  to  vanishes.  Then, 
the  wake  force  is  soley  due  to  the  perturbation  current. 
This  force  is  given  by 


2kRpo 


+00 

in(®-wo<)  j  dTW(T)e*"""’'p,.(*  -  r). 


where. 


4-00 

Pn(i)=  j  MS,t)db- 


(4) 

(5) 


The  r  dependence  of  p„(f  —  r)  in  the  wake  force  is  ignored. 
This  is  the  only  approximation  to  first  order  perturbation 
theory.  It  assumes  that  the  wake  potential  decays  before 
i>n  changes  appreciably. 

Expressing  equation  (4)  in  terms  of  the  longitudinal 
impedance  Z,  the  first  order  solution  of  equation  (1)  sat¬ 
isfies 


dMs,i) 

di 

m 


inuoriSMS,*)  +  ii(«)Pn(<), 


dV>o(g) 
2sri2pu  dS 


Z{nun). 


(6) 

(7) 


Equation  (6)  is  easily  solved  using  exp(— tnwoqjf)  as  an 
integrating  factor. 


OO 

-OO 

where  q  is  the  charge  on  a  single  particle,  R  is  the  machine 
radius,  W{t)  is  the  wake  potential  as  a  function  of  time 

•work  *uppt>rt«d  by  US  DOK 


MS,t)  = 

c 

-I-  R{6)  j  ~  (8) 

0 

Before  proceeding  with  the  solution,  introduce  the  total 
number  of  particles  in  the  ring  Nt  and  the  characteristic 
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half  width  of  the  momoatum  diatribuUon  <r  via 

lfr«(«)=~/(W.  (9) 

Integrating  both  sides  of  equation  (8)  over  6  and  switch¬ 
ing  to  the  dimensionless  time  variable  r  =  |i||nwafot  results 


=  S(t)  -  f  p^{8)G{t  -  a)(U,  (10) 

^crit  Jo 


The  effect  of  the  impedance  is  fully  contained  in  the  con¬ 
stant 

A*  =  (17) 

Zerit 


■  r  /(n)e“«”(’»)’-*d*. 

sf— OO 


In  equation  (10),  5(r)  is  the  source  function  and  is  given  by 
the  integral,  over  6,  of  the  first  term  on  the  right  of  equa¬ 
tion  (8).  For  reasonable  distributions,  G{j)  is  a  smooth 
function  that  varies  over  length  scales  of  order  unity,  and 
has  a  maximum  value  of  order  unity.  For  the  correct  choice 
of  O’,  |Zcri(|  is  the  Keil-Schnell  limiting  impedance  [1].  The 
actual  stability  of  the  system  can  be  strongly  affected  by 
the  phase  of  the  impedance  as  well  [3]. 

III.  EXACT  SOLUTION 

An  exact  solution  to  equation  (10)  may  be  obtained  if  the 
unperturbed  distribution  is  a  Lorentsian, 


Differentiating  equation  (16)  with  respect  to  r  and  using 
the  last  line  of  (16)  gives 

a  —  A*a  =  •;^[5(T)e^].  (18) 

aT 

The  boundary  conditions  at  r  =  0  ate  a  =  0,  and  d  =  5(0). 
For  an  initial  perturbation  that  is  a  Lorentsian, 

S(r)  =  5oe  ”  ",  (19) 

where  e  =  a—izQ.  The  width  of  the  perturbation  in  S  is  o-d, 
and  the  perturbation  is  centered  at  6  =  sgn(q)o’2o.  Since 
the  right  hand  side  of  equation  (18)  is  an  exponential,  a(r) 
is  readily  obtained.  I  consider  the  non-degenerate  case,  so 
a  is  a  sum  of  exponential  functions.  Using  the  third  line 
of  (15)  gives 


Pn{T)  -  {(1  C) 


2e-" 


—  Xe  ^  [Acosh(Ar)  +  (1  —  e)sinh(Ar)]  j(20) 

The  motion  is  stable  if  and  only  if  |K(A)|  <  1.  Changing 
the  momentum  variable  to  z  =  sgn(>})^/o,  and  evaluating 
equation  (8)  yields. 


/(*)  = 


w(l  -t-  z*) 


i>niz,r)  = 


d*  +  (z  -  Zo)* 


where  z  :=  6/<r.  The  response  function  is 

G(r)  =  Tc  ~  I’"!.  (14) 

Since  r  >  0  in  our  problem,  the  absolute  value  sign  is  not 
needed.  To  solve  equation  (10),  proceed  by  defining  the 
auxiliary  variables 


r 

a(T)  =  j  e‘p„(8)da, 

0 

r 

P{t)  =  j  Be^p„{s)ds, 


Pnir)  =  e  "^d, 

4  =  (15) 

where  dot  denotes  differentiation  with  respect  to  r,  and 
the  second  two  lines  follow  from  the  first  two. 

Plugging  in  to  equation  (10)  with  equations  (14) 
and  (15)  gives 

d  =  5c’'  +  A2(Ta-/3).  (10) 


*^’(l-Hza)2[(l-e)2-A*]}’ 

where 

F  =  il^fl_e-('  +  “H 

(e  +  «)  J 

_  ^(1  +  ^-0  L  -  (1  -  A-f-iz)r] 

2(l-A  +  iz)l'  J 

+  fi  _  e  -  (1  +  ^  +  «)’•]  .  (22) 

^  2(l-l-A  +  iz)  J 

As  required,  equations  (20)  and  (21)  are  invariant  under 
the  substitition  A  —*  —A. 

If  the  system  is  unstable,  the  distribution  at  large  r  is 
given  by 


i>n(z,T)  sss 


Cze"(‘-^)’‘ 
(l-A-|-iz)(l  +  z2)2’ 


where  C  is  a  constant  that  depends  on  the  initial  conditions 
and  I  have  taken  1R(A)  >  1.  Equation  (23)  is  the  unstable 
eigenvector  one  gets  from  a  frequency  domain  treatment 
as  may  be  verified  by  substitution  into  (6)  with  the  appro¬ 
priate  change  of  variables.  As  one  expects,  the  stability  of 
the  system  is  determined  by  the  eigenvectors. 
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IV.  TRANSVERSE  CASE 


The  solntioii  for  a  coasting  beam  subject  to  a  transverse 
impedance  is  very  analogous  to  the  treatment  for  the  longi- 
tudinsd  impedance,  but  the  treatment  is  more  cumbersome 
due  to  the  extra  phase  space  dimensions. 

Let  X  be  the  transverse  coordinate  and  u,  be  the  aver¬ 
age  betatron  frequency.  Define  r  as  the  amplitude  of  the 
betratron  oscillation  and  let  ^  be  the  angle  variable.  Then 


* 

dr 

Tt 


Wr  +  AWx(r,«), 

(24) 

sin  d>Fx 
ymux  ' 

(25) 

e^Fx 

2iymur  ’ 

(26) 

where  Awx(r,  6)  is  the  amplitude  and  momentum  depen¬ 
dent  part  of  the  betatron  frequency,  Fx  is  the  transverse 
force  due  to  the  beam  offset  combined  with  the  transverse 
impedance,  7  is  the  Lorents  factor  of  the  beam  and  m  is 
the  particle  mass.  The  approximation  (26)  is  equivalent  to 
assuming  that  the  betatron  tune  shift  is  small  compared 
to  the  betatron  tune. 

Assume  a  solution  of  the  form, 

^(r,  6, 0,  t)  =  Mr,  S)+Mr,  6,  <)e*^^  "  "  ""‘W. 

(27) 

By  ignoring  the  variation  in  over  the  time  scale  for  the 
transverse  wake  potential  to  decay,  the  transverse  force  is 
given  by, 

jr  +  Wr)D{t)  -  wot)  - 

(28) 

where  is  the  velocity  in  units  of  the  speed  of  light  and, 

D{t)  =  irquo  j  r^drd6ifi{r,6,t), 

is  the  dipole  moment  of  the  beam. 

The  first  order  Vlasov  equation  is  given  by, 

d^i 

-  -i[Ata;r(r,6)  -  n«oTj«]V>i 

(H 

^  q0Zx{nwo  +  Wx)D{t) 

4ir7T»u«>xi2  dr 

Using  the  same  techniques  as  in  the  longitudinal  case,  the 
Vlasov  equation  can  be  reduced  to  an  integral  equation  for 
the  dipole  moment. 


(29) 


(30) 


D{t) 

A 

G{t) 


I 

Sx(t)  +  Aj  D{s)G{t  -  s)ds,  (31) 


q^  NiZ±u)n0 
Str'^RymUx  ' 


(32) 


J  dr 


where  5x(<)  is  the  transverse  source  function.  For  the  case 
Amx  =  6^un,  with  Lorentsians  for  momentum  distribu¬ 
tions,  the  equations  may  be  solved. 

Define  the  dimensionless  variaUes  z  =  sgn(Q'  -  nq)6/a 
and  r  =  t^ruolQ'  ~  nfl-The  unperturbed  distribution  is 
given  by,  y^{r,6)  =  To(r)/(l  +  s’),  and  the  perturbation 
at  f  =  0  is  t^i(r,d,0)  =  CTo{r)d/[d^  +  (*  -  ^)^]-  The 
dipole  moment  of  the  beam  is  given  by 


D{t) 


=  5o| 


(l_e)e-"-Ae(^-l) 
1-A-c 


(34) 


where  A  =  A/{iruo\Q'  ~  »’j|)i  “‘J  c  =  a  +  tso.  The  per¬ 
turbed  distribution  is  given  by. 


AF 


+  (s  -  So)’ 


(1  +  s’)(1-A-£) 


(38) 


F  = 

+ 


1  -e 
€  —  iz 
A 


A  —  1  -I-  ts 


1  _  e  - 

l_e(^-l  +  «)’-j.(36) 


V.  CONCLUSIONS 

Two  exact  solutions  to  the  initial  value  problem  for  the 
Vlasov  equation  have  been  presented.  Using  fairly  simple 
numerical  techniques,  solutions  for  a  broad  range  of  mo¬ 
mentum  distributions  could  be  obtained.  These  solutions 
might  be  useful  in  the  development  of  computer  codes,  es¬ 
pecially  when  trying  to  determine  the  effect  of  the  granu¬ 
larity  produced  by  particle  tracking.  Additionally,  the  sim¬ 
plicity  of  the  solutions  may  allow  for  a  serious  study  of  the 
analytic  properties  of  Landau  damping.  Finally,  since  mo¬ 
mentum  distributions  in  real  machines  can  be  measured, 
a  relatively  simple  comparison  of  theory  and  experiment 
might  be  possible. 
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Abstract 

Tlw  various  soueet  of  longitudiBai  impeduaee  in  the  AGS 
Booster  are  identified  and  the  effects  of  the  total  impedance 
are  estiinated.  In  particular,  the  parasitic  effects  of  the  cf 
cavities  doting  proton  acceleration  ate  explored.  Dynamics 
are  treated  using  a  first  order  Vlasov  analysis  in  the  weak 
synchrotron  coupling  approximation. 

I.  INTRODUCTION 

The  AGS  Booster  is  a  fiut-cycling  proton  and  heavy  ion 
synchrotron.  Hie  Booster  will  accderate  protons  from 
Et  3=  200  MeV  kinetic  energy  to  Ek  =  1600  MeV  in 
60  ms.  For  heavy  ions  the  acceleration  time  is  abont  an 
order  of  magnitude  larger  with  an  output  kinetic  energy 
Eit  ^  600  MeV  per  nucleon. 

This  note  is  concerned  with  the  coUective  effects  that 
can  ^pear  during  proton  acceleration.  InstalnBty  thresh- 
dds  and  growth  rates  are  calculated  for  fixed  bunch  length, 
proton  energy,  etc.  These  parameters  are  varied  over  ap¬ 
propriate  ranges,  resulting  in  an  overall  picture  of  beam 
stability.  For  simplieity,  the  root  mean  square  radius  of 
the  beam  is  assumed  to  be  1.6  cm  throughout  the  cy¬ 
cle.  In  any  case,  the  longitudinal  dynamics  depend  only 
logarithmically  on  the  beam  radius,  via  the  space  chstfge 
impedance.  The  parameters  which  are  assumed  constant 
are  given  in  Thble  1 


Ikble  1;  Unperturbed  Beam  Parameters 


Machine  Radios 

32.114  m 

Harmonic  number 

3 

Number  of  bunches 

3 

Momentum  compaction 

0.0463 

Beam  radius 

1.5  cm 

Pipe  radios 

6  cm 

Protons  per  bunch 

6.0  X  10*^ 

Synchronous  RF  phase 

13® 

RF  voltage 

80  kV 

*wurk  ■apported  by  US  DOE 


Thble  2:  Resonant  Impedanw  Budget 


Source 

~Wtm 

TlMHi) 

Q 

Band  III  rt 

40 

2.6-4.11 

66 

Band  II  rf 

5 

0.6-2.6 

2.5 

Kickers 

9 

60 

3 

Band  III  parasitic 

5 

60 

10 

PUBs 

1 

230 

6 

II.  LONGITUDINAL  IMPEDANCE 

Since  the  bunches  in  the  Booster  ate  much  longer  than 
the  radius  of  the  vacuum  chamber  and  the  Lorents  factors 
axe  small,  the  impedance  above  the  cutoff  Bequency  of  the 
inpe  has  a  small  effect  on  the  general  character  of  the  beam 
dynamics. 

For  small  Lorents  factors,  the  space  charge  impedance  is 
important.  At  iqjection,  the  space  charge  impedance  is  ca¬ 
pacitive  with  Zjn  =  «630n.  The  space  charge  impedance 
drops  as  acceleration  proceeds  and  ends  up  at  ZJn  =  t80R 
at  extraction.  The  other  broad  band  impedance  present  is 
the  resistive  waU  impeduice.  For  these  calculations,  the 
resistive  wall  impedance  is  negligiUe.  Other  than  the  re¬ 
sistive  wall  impedance  and  the  space  charge  impedance, 
the  bulk  of  the  low  frequency  impedance  comes  from  the 
rf  cavities  and,  to  a  lesser  extent,  modes  associated  with 
the  kicker  magnets  and  the  pick-up  electrodes.  The  res¬ 
onant  impedance  budget  is  summarised  in  Thble  2  [5,  6]. 
The  shunt  impedances  and  quality  factors  quoted  for  the 
band  II  and  band  III  rf  modes  are  average  values,  as  the 
cavity  is  tuned  they  can  change  by  20%.  The  detailed 
behavior  has  not  been  accurately  included  in  the  stability 
calculations  and  to  a  large  extent  has  not  been  measured. 

III.  STABILITY  FORMALISM 

Growth  rates  were  calculated  using  first  order  pertnba- 
tion  theory  on  the  Vlasov  equation  in  the  limit  of  negli¬ 
gible  synchrotron  mode  coupling  with  no  synchrotron  fre¬ 
quency  spread  [2].  The  frequency  shifts  obtained  bear  out 
the  assumption  of  weak  coupling.  An  unperturbed  phase 
space  density  tfroC**)  =  A’(a^  -  is  assumed,  where  a  is 
the  maximum  synchrotron  amiditnde  which  is  also  half  the 
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baacli  leagtk,  Md  A!'  U  •  nomaUMUon  factor.  It  has  bcea 
Botad  that  actaal  protoa  dutribatioBa  are  qaite  rimilar  to 
this  model  [4].  With  these  assumptioas,  aod  taking  qaaa- 
tities  to  vary  as  exp(— tOt),  the  Sacherer  integral  equation 

is 


(n  -  iiUi;,)A(r)  = 


u,(r)  = 
GmCv.r')  = 

X 

N  = 


w(r)  j 

G„(r.r')JI(r')r’dr' 

(1) 

0 

15  I 

(2) 

2ira'^  ' 

i‘-?) 

*  Z[{hM  +  t)uo  -i"  n] 

tvfiic  y 

+  s))J,„[r'(W*  +  s)](3) 

w«iw/ 


0*Etv» 


(4) 


where  /  is  the  average  current,  M  is  the  number  of  bunches, 
s  is  the  coupled  bunch  mode  number,  r  is  the  amplitude 
of  the  oscillation  in  radians  of  asimuth,  and  the  test  of 
the  notation  is  the  same  as  in  [7].  For  s  =  0,  the  Jb  =  0 
term  in  the  sum  is  neglected  to  conserve  total  charge.  The 
calculation  proceeds  by  expanding  R(r)/w(r),  and  G(r,r*) 
in  a  basis  {//(r)  ;  /  =  1,2,...}  which  is  orthonormal  on 
(0,a)  with  weight  function  w(r).  The  function  w(r)/f(r)  is 
refer^  to  as  the  fth  radial  mode.  This  reduces  the  integral 
equation  to  an  (infinite)  matrix  eigenvalue  proUem.  The 
formulae  are  rather  cumbersome  and  are  given  in  Satoh’s 
paper  [3];  a  computer  code  was  written  to  evaluate  the 
relevant  expressions. 

In  practice,  it  is  impossiUe  to  solve  the  infinite  dimen¬ 
sional  matrix  equations.  For  the  case  at  hand,  it  was  found 
that  using  the  first  three  radial  modes  sufficed  for  deter¬ 
mining  the  largest  frequency  shift. 

Synchrotron  frequency  spread  due  to  the  non-linear  por¬ 
tion  of  the  rf  force  was  calculated  using  [8] 


w,(r)  =  w,,o 


1  -t-  sin^  \ 
16  1  -  sin*  /  ’ 


(5) 


where  w«,n  is  the  sero  amplitude  synchrotron  frequency, 
is  the  synchronous  rf  phase,  and  h  is  the  harmonic  number. 
A  plot  of  equation  (5)  and  the  synchrotron  frequency  ob¬ 
tained  using  a  first  order  symplectic  integration  are  shown 
in  Figure  1. 

Stability  diagrams  were  obtained  by  setting  u,  =  w,(r), 
and  Gm(r,r')  =  C,n(vr')”'  as  in  Zotter’s  analysis  [8].  Sta¬ 
bility  diagrams  for  the  dipole  and  quadrupole  coupled 
bunch  modes  are  shown  in  Figure  2 

Beam  stability  is  estimated  using  the  frequency  shift 
calculated  in  the  absence  of  frequency  spread  AQ,  and 
the  synchrotron  frequency  spread  for  the  mth  synchrotron 
mode  5  =  m((i;,(0)  -  (•'<(a)).  The  beam  is  stable  if  An/5 
is  to  the  left  of  the  stability  boundary.  Of  the  three  fre¬ 
quency  shifts  obtained  for  each  coupled  bunch  mode,  the 
most  pessimistic  was  used  in  t*’e  stability  analysis. 


Figure  1;  Relative  synchrotron  frequency  for  equation  (5) 
(dashed  line)  and  a  symplectic  integration  (solid  line)  with 
a  synchronous  rf  phase  of  13* 


Figure  2:  Dipole  (m  =  I)  and  Quadrupole  (m  =  2)  stablity 
boundaries  for  ^it(r)  oc  (o*  —  r*)  */* 
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[  IV.  STABIUTY  CALCULATIONS 

t' 

[  TlMpwpQM<tftkec«lealstiMuwuto(letemiiietliebMun 
jtalitttjr  duimg  pcoton  opentioiu.  Of  the  impcdsnece  in 
I  TUde  2  the  buul  II  uul  buid  III  radio  jbequeacy  modes 
‘  ime  hy  fia  the  moat  impoitant.  For  clarity,  the  other 
f  weoaaat  iB^edaaees  were  ignored. 

^  Hw  band  HI  impedance  is  necessary  for  accderation, 
a»  calealatieas  with  it  alone  were  performed.  Depending 
;  bn  bnadi  length,  the  s  =  2  dipole  (m  =  1)  mode  may 
be  nnstable,  while  the  s  =  0, 1  modes  are  damped.  For 
Ek  S3  200  MeV  the  minimnm  bench  length  was  200"  of 
tf  ^Me  while  at  £*  =  1500  MeV  it  was  170".  In  both 
'  caaes  the  magnitude  of  the  frequency  shift  was  dominated 
t  by  the  rey  part,  which  is  difficult  to  control.  Ignoring  in- 
'  stabilities,  the  bunch  length  should  decrease  by  a  factor  of  2 
due  to  adiabatic  damping  during  acceleration.  Taking  the 
extractkm  length  of  170"  this  implies  an  iqiection  length 
.  of  340*  which  is  significantly  larger  than  the  255"  length  of 
the  accelerating  bucket.  However,  the  growth  rate  of  the 
instability  b  very  small.  Ihking  a  bunch  length  of  180" 
of  RF  phw  at  injection  and  assuming  adiabatic  damping 
'  of  the  qrnchrotron  oscillations  throughout  the  cycle  results 
in  a  peak  growth  rate  for  the  dipole  mode  of  10  s~ ' .  The 
s  =  2  quadrupole  mode  is  unstable  also  with  a  peak  growth 
talc  of  4  s~*.  Given  the  00  ms  cycle  time  neither  of  these 
instabilities  should  be  proUematic. 

When  the  band  II  cavity  is  included  in  the  calculations, 
the  atuation  becomes  mote  comifficated..  While  the  reso¬ 
nant  frequency  of  the  band  III  cavity  is  tightly  constrained 
by  the  RF  frequency,  the  first  Robinson  criterion  and  the 
cavity  quality  factor,  the  resonant  frequency  of  the  band  II 
cavity  is  a  free  parameter.  Given  the  results  for  the  band 
III  cavity  alone,  the  analysis  was  confined  to  finding  the 
band  n  resmmnt  frequency  which  resulted  in  the  smallest 
growth  rates.  The  calculations  assumed  a  bunch  length  of 
180*  of  RF  {diase  at  iqjectioa  and  adiabatic  daminng  of  the 
synchrotron  oscillations.  It  was  found  that  by  tuning  the 
band  II  resonant  frequency,  the  dipole  instability  growth 
rates  could  be  kept  below  18  s~^  throughout  the  cycle. 
The  quadrup<de  growth  rates  were  less  than  10  8~ '  for  the 
same  band  II  impedance.  The  requited  band  II  resonant 
frequency  varies  smoothly  from  1.14  MBs  at  iqjection  to 
1.83  MHs  at  extraction.  However,  the  dipole  growth  rate 
depends  strongly  on  the  resonant  frequency  of  the  band  II 
cavity.  At  some  points  in  the  cycle,  mistuning  the  cavity 
by  50  kHs  results  in  a  growth  rate  of  50  8~‘.  Since  the 
impedance  is  not  known  accurately  the  optimal  band  II 
tune  would  need  to  be  found  empirically. 

V.  POSSIBLE  CURES 

A  simide  cure  to  the  instability  proUem  is  to  short  out  the 
band  n  cavity  during  proton  operations.  The  technology  is 
srdl  known  uul  shoi^  not  present  a  problem.  Alternately, 
Um  band  II  resonant  frequency  could  be  tuned  throughout 
the  cyde.  An  interative  procedure  based  on  beam  mea¬ 


surements  would  be  needed,  owing  to  the  high  precision 
required. 

It  has  been  suggested  [1]  that  the  harmonic  number  of 
the  AGS  Booster  be  switched  from  3  to  2.  Such  a  change 
would  have  a  profound  effect  on  longitudinal  instal^ties. 
Consider  equation  (3)  with  M  =  2  and  s  =  1. 


Gm(r,r')  =  imK  ^ 
ft  >0, odd 


Z[kuo  -I-  n]  -  Z*[huQ  -  n] 


(«) 


where  the  *  denotes  complex  coqingate  and  the  sum  is  over 
k  positive  and  odd.  For  the  s  =  0  mode  the  sum  is  over 
k  positive  and  even.  For  (I  ss  mu,  the  imaginary  part  of 
equation  (6)  is  essentially  determined  by  the  derivative  of 
the  real  part  of  the  impedance  at  the  rev<dntion  lines.  As 
with  the  first  Robinson  criterion,  it  then  seems  possible 
that  all  the  coherent  modes  will  have  a  negative  imaginary 
part.  Uncertainties  are  large,  but  preliminary  calculations 
show  that  it  should  be  fiurly  easy  to  accomidish  this  as  long 
as  the  non-accelerating  cavity  can  be  tuned  by  1.4  MHs; 
the  revolution  frequency  at  extraction. 


VI.  CONCLUSIONS 

In  section  IV  it  was  found  that  the  AGS  Booster  will  not 
be  able  to  operate  at  1.5  x  10*^  protons  pet  pulse  and 
maintain  longitudinal  stability  with  the  current  machine 
parameters.  The  growth  rates  for  band  III  alone  are  negli¬ 
gible  given  the  cycle  time  of  the  machine.  If  the  beam  sees 
the  band  II  impedance,  then  careful  tuning  of  the  band  II 
resonant  frequency  will  be  needed.  By  changing  the  har¬ 
monic  number  from  3  to  2,  it  was  found  that  a  suitable 
tuning  current  for  the  parasitic  cavity  should  result  in  ex¬ 
ponential  damping  of  all  coherent  modes. 
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Abttraet 

A  new  analysis  the  bunch  lengthening  instability,  baaed 
on  a  ain^  synchiotton  mode  in  a  distorted  potential  weQ, 
ispresented.  Tbenoilinearityofthe  wahefieldplaysaerit- 
icd  role:  It  distorta  the  equiHbrium  denaity  from  ita  Gau»> 
sian  shape,  which  lesuha  in  asymmetric  eortectioaa  to  the 
SachecM  aquation.  This  nwdified  ecpatioo  wOl  have  unsta¬ 
ble  eigenmodes  when  the  beam  current  reaches  a  threshold 
value.  The  calculated  threshcdd  agrees  very  well  with  our 
multiparticle  simulation  for  SPEAR  parameters  [1]. 

I.  Introduction 

The  performance  of  modem  synchrotron  Ii|^t  sources  and 
circi^  collides  relies  on  sustaining  very  short  bunches 
of  hi|^  peak  currents.  The  bunch  lengthening  instability, 
i.e.,  the  suddm  increase  of  both  the  bunch  length  and  the 
enwgy  spread  at  some  tbreshdd  current,  is  a  serious  con¬ 
cern.  Much  theoretical  work  has  been  aimed  at  explaining 
this  phenomenon  {IQ.  Most  notably,  mode  couphng  theory 
assumes  Uiat  low  oi^  qmchrotron  inodes  couple  together 
at  the  bunch  lengthening  thrediold.  However,  there  is  no 
cogent  evidence  from  experiments  that  this  has  actually  oc¬ 
curred.  In  this  p^er,  we  investipte  the  instability  mech¬ 
anism  within  a  particular  synchrotron  mode  in  a  <bst<wted 
potential  wdl. 


II.  Longitudinal  Dynamics  and 
Equilibrium 

The  moping  fot  the  longitudinal  motion  in  a  ring  is  [3]: 

T»+t  “  rw  ~  ®2o^+i»  (1) 

(  c  .  Wakefield  loss  _ 

+  - ^ - ,  (2) 

udiere  r,,  is  the  arriml  time  relative  to  the  s3mchronous 
parUcle  m  the  nth  turn,  ^  is  its  relative  energy  error, 

■  ■■  ■  ■  I  I  I  ifi 

*Tbii  woali  was  Mwpocud  bgr  Um  UJI.  DspsiUnmt  M  Bnwgjr, 
DIvUcmi  M  Nodwr  Md  Hi^  BMtgr  IlijMics. 


ot  the  momentum  compaction  foctor  of  the  ring,  To  the 
revolution  time,  u,o  the  synchrotron  oscillation  frequency 
and  Eo  the  beam  enogy. 

Since  the  synchrotron  tune  is  small  for  most  rings  and 
the  wakcAeld  loaa  is  distributed  throu^iout  the  ring,  we 
can  then  approximate  the  m^iung  by  the  differential 
equations: 


^  -  mkr 

dt  ~  a 


1 

EoTo 


F[t). 


(3) 

(4) 


Here  F(t)  is  the  wakefield  loss  of  the  particle: 


F(t)  *  No*Lo  dr^pir^Wir'  -  r). 


(5) 


Eq.  5  involves  integrating  the  wake  left  by  all  other  charges 
in  front  of  the  particle  under  coonderatioo.  is  the  num¬ 
ber  of  particles  in  the  bunch,  Lo  the  ring  circumference,  p 
the  particle  density  of  the  bunch  and  W  the  hmgitadind 
wake  function  [4]. 

If  we  identify  r  as  the  coordinate  and  S  the  momentum, 
then  Eqs-  3  and  4  are  the  dynannc  equations  of  aharmonie 
oscillator  under  the  iniuoice  ot  the  additional  force  F(r). 
The  HamUtonian  ^  tiiis  system  is: 


H 


Ne 

EoTo 


(«) 


For  dectron  msdiines,  synchrotron  radiation  of  dectrons 
and  its  quantum  nature  provide  da]iq>ing  and  diffuskm 
in  phase  space.  The  resulting  equilibrium  state  will  be 
a  Boltsmann  distribution: 


lfo(r,f)ocexp(-^),  (7) 

^$0 

where  Wio,  the  equilibrium  energy  q>read,  is  determined  by 
balandng  the  radiation  damping  and  the  diffiiskm  caused 
by  quantum  excitation. 

It  is  very  useful  to  observe  that,  while  the  wakefield  can 
chauge  the  particle  distribution  in  r,  it  cannot  change  the 
distribution  in  S.  It  w31  always  be  a  Gaussian  distribu- 
tion  with  constant  energy  q>read.  Experiments  show  that 


0-7803-1203-1/93S03.00  « 1993  IEEE 


3327 


Tbiiv,  ^  is  rtiU  »  fiiactioo  of  r: 


thwsboM  mlos.  la  our  dwHitotioas,  wc  sbo  obssfvs  tlMt 
Um  4lrtrttMilioa  is  I  starts  to  dtvdop  a  noo-OsassiaB  <la> 
femiatioB  at  tha  tiusshold-  ABtlMsestiffHt  that  the  aqoi- 
ItttrfauB  is  BBstabk  as  tlw  cumat  raackss  the  thresbold. 


III.  SACHBaaa  Equation 


Ws  foDoer  the  Vlaeov-Sachner  pi]  ai^ioaich  to  iavestigate 
the  stahilHy  of  the  equilihriam.  The  phaee  space  distribo> 
tioa  feactioB,  satisfies: 


^  eF{T)  di^ 
~  BoTo  li 


=  0. 


(8) 


lb  introduce  the  concept  of  a  synehrotroo  mode,  we  first 
aegleet  the  wakefleld,  i.e.,  we  consider  the  sero  current 
linat.  In  pdar  coordinates,  r  =  rcosd,  oi</w«o  =  rsin^ 
and  the  Vlasov  equaUon  redu'xs  to 


It 


+"*•5; 


=  0. 


(9) 


Thus,  the  equilibrium  distributkm,  Vsi  deprads  only  on  r. 
The  etgeiunodes  of  the  time  dependent  scdutions  are 

^  =  il,(r)exp(»/d-«l('>l).  (10) 


with  dgenvalues 

/  =  0,±1,±2,..-.  (11) 


These  are  called  synchrotron  modes. 

When  the  current  is  not  sero,  different  /  modes  cou¬ 
pled  togethw  by  the  Wakefield.  Weknowfrommostexperi- 
ments  and  simulations  that  low  synchrotron  modes  are  still 
weD  separated  even  when  the  current  reaches  the  threshcM. 
So  we  assume  the  coupling  between  different  synchrotrrm 
modes  is  not  critical  for  the  bunch  lengthening  instability 
and  we  will  ne^ect  mode  coupling  henceforth. 

Next  we  keq>  <»ly  the  linear  term  in  Fo(r): 

Fo(r)=:Fo(0)-l-^r  +  0(r»).  (12) 

Here  the  subscript  denotes  the  wakefield  loss  from  the  equi¬ 
librium  particle  density  distribution.  It  is  easy  to  see  that 
all  the  wakefield  effects  <m  the  seroth  ord«r  Vlasov  equa- 
tkni  can  be  incorporated  into  an  incoherent  synchrotaon 
frequency  shift 

wad  a  shift  of  the  center  <ff  the  bunch: 


(14) 


^^(r)  a  «P(-^)-  (18) 

If  we  project  the  first  wder  Vlasov  equatimi 

into  a  particular  synchrotron  mode,  we  obtain  the  Sacherer 
equation: 

(fl-t.,)«(r)  =  j .'*'C,(r,r'W(f').  (18) 

Here,  the  kernel 

Gi(ry)  =  j  J|(>8>r)J|(u;r^),  (19) 


is  determined  by  the  imaginary  part  of  the  impedance 
Z{u).  Since  Gi  is  real  and  symmetric,  there  are  c^y  real 
eigenvalues.  The  single  mode  Sacherer  equation  does  not 
provide  the  instability  mechanism  we  ate  looking  for. 


IV.  Improved  Sacherer  Equation 

The  discussion  above  suggests  that  it  is  crucial  to  keep 
the  nonlinear  terms  in  the  wakefidd  loss  F(r).  The  most 
important  consequence  is  that  the  wakefield  effects  cannot 
be  completdy  incorporated  into  the  incoherent  frequency 
shift  and  the  shift  of  the  centa  of  the  bunch.  AHhoui^  de 
is  still  Gaussian  m  8,  H  is  no  k»ger  Gaussian  in  r.  Because 
of  this  non-Gausaian  deformation,  dto  is  a  function  of  both 

r  and  d:  do(P.d). 

From  Eq.  17,  the  d  dependence  of  do  will  generate  cor¬ 
rection  terms  to  the  right  hand  side  of  the  Saclwrer  equa- 
tkm.  Genorally,  th^  are  not  qrmmetric  operators.  Since 
the  d  dependoice  in  the  equilibrium  is  at  le^  linear  in  the 
current,  the  correction  toms  to  the  Sacherer  equatkm  are 
proportional  to  the  square  of  the  current.  Hie  improved 
Sacherer  equation  will  look  like: 

(0  -  ki;,)i{|(r)  s  /  X  symmetric  operaUv  on  tU 

+  /’  X  aoymmetric  opaator  on  Rt-  (20) 

When  the  current  /  is  small,  we  dcmH  expect  the  asymmet¬ 
ric  perturbation  to  be  big  enough  to  push  the  eigoi  values  of 
the  symmetric  Sacherer  tqierator  into  the  complex  plane. 
When  7  reaches  srane  critical  value,  we  expect  that  this 
will  happen  and  then  the  «yst«n  goes  unstable. 


V.  Parameterization  op  the 
Equilibrium 

In  order  to  find  the  corrections  to  the  Sacherer  equation, 
we  need  to  know  the  functional  form  of  dto(Pid)'  'Ib  ae- 
conqilish  this,  Fourier  expand  do: 

t^^(^^)  =  /o(p)  +./i(r)  cosd  +  /a(r)  cos2d  +  •  •  • .  (21) 
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W»  wiii  dlMfini—  A(r).  /i(r}, ...  bytktfoilowii^ielMnM: 
Hm  •qa^ttnaa  danty  dkiribution  k  determbed  by 

RaMadd  (B|  *^l***'^* 

(22) 

wbon  f(<)  k  givcB  by: 

,(l)*jfdt^H^(0.  (2S) 

We  eaa  eolve  this  eqttstkm  numericslly  and  eoovatd  the 
lint  four  cummulaiite  of  the  psrtkle  density  dietribution 
f(ry.  fb,  sverace  r;  Sr,  standard  deviatkm;  7ii  nonnaliied 
dww  moment;  7^1  normalised  excess  moment.  Then  we 
^qtrcadmate  the  eqmlibrium  by  a  commulant  expansion. 
Denote  «  s  (r  -  nt)/9r> 


/Kr)  = 

(1  -1-  ^(*»  -  3*) g(.^  -  6*»  -H  3)]n(*). 

(24) 

Here  n(c)  is  the  standardised  Gaussian  distributkm: 

(25) 

Baaed 

on  this  qf>proKimated  distributicm,  we  have 

only 

the  following  five  non-sero  terms:  /o,  fu  h%  /si 

/o(f)  ss  (1  +  y(£;4  ”  ^ 

(26) 

(27) 

AM  = 

(28) 

AM  =  g/QoM^. 

(29) 

(30) 

Here 

(31) 

We  are  now  in  a  position  to  write  down  the  explicit  form 
of  the  improved  Sacherer  equation: 


j  ,'df'GKr.r')Ri(T') 

+  ^rpjnir)  J  r'dr'G}-Vy)iZKO.  (32) 

Here,  the  aaymmetric  kernels  ate  given  by 

(33) 


and  the  ftinctkms  §  are  rdated  to  fonctions  /  by 

#•(•')  *  5^  (A+i(«’)  -  /—»(»•))  •  (34) 

Tlie  dHfef  ooe  betwem  the  approximated  distribution  and 
•  tin  numtrkally  <d>tained  distributka  is  very  smaO  for  the 
SPEAR  parameten.  For  other  inqtedancea  and  equilib¬ 
rium  binch  lengths,  the  modd  expansion  Eq.  24  may  not 
be  vahd.  The  fundamutal  point  is  unchanged:  nonlinear¬ 
ity  the  Wakefield  loss  lea^  to  instability. 

VI.  Results  and  conclusion 

We  have  calculated  the  threshdd  current  for  SPEAR  pa¬ 
rameters.  Since  we  ate  most  interested  m  the  insta¬ 
bility  mechanism  behind  the  bunch  lengtlmiing,  we  lin¬ 
earised  the  RF  bucket  and  neglected  the  multi-tum  wake- 
field.  Rather  than  ctMoparing  the  calculated  threshold 
current  with  experimental  results,  we  compared  it  with 
our  multiparticle  simulation.  Approodmating  the  SPEAR 
impedance  by  a  Q  s  1  resonatm,  the  simulation  gives  a 
threshold  current  around  45  mA.  Our  calculation  gives 
50  mA.  The  first  unstable  modes  m  our  calculation  are  the 
dqxde  mode  and  quadrupole  mode.  In  the  experimmt, 
the  quadrupole  mode  is  observed  to  be  the  first  unstable 
aynchrotrm  mode. 

b  summary,  we  investigated  the  bunch  lengthening  m- 
stability  of  an  uncoupled  synchrotron  mode  in  a  distorted 
potential  wdl.  Without  the  Mmlinearity  of  the  wakefield, 
the  Sacherer  equation  does  not  have  an  unstable  eigen- 
mode.  The  nonlineatity  of  the  wakefidd  pves  asymmet¬ 
ric  correction  terms  to  the  Sacherer  equation.  The  im¬ 
proved  Sacherer  equation  is  mutable  w^  the  beam  cur¬ 
rent  reaches  a  threshold  value.  Linear  theory  gives  a 
threshdd  current  very  close  to  the  simulation  result  and 
identifies  the  sanu  unstable  mode  as  seen  in  the  experi¬ 
ment.  Future  work  includes  extending  tiu  conqurison  to 
other  rings  and  inqiedances  and  taking  mto  account  the 
nonlinearity  of  the  RF  bucket. 
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Aistract 

An  integral  equation  derived  from  the  linearised  Vlasov 
equation  has  been  used  to  find  the  instability  thresholds  in 
tlw  ease  of  space-chvge  impedance  alone  for  various  distri¬ 
bution  functions.  It  has  been  found  that  the  thresholds  for 
the  instability  which  are  caused  by  the  coupHog  between 
m  =  dbl  asimuthal  modes  may  be  obtained  analytically  for 
mai^  practically  used  distributions.  Moreover,  the  crite¬ 
rion  detemaining  these  thresholds  appears  to  be  Uie  same 
as  that  for  threshokb  beyond  which  no  stationary  distri¬ 
bution  can  be  found. 

I.  INTRODUCmON 

It  has  been  found  that  in  the  case  of  broad-band 
or  space-charge  impedance  the  stationary  distribution 
changes  significantly  with  intensity,  and  this  should  be 
taken  into  account  because  the  stability  thresholds  calcu¬ 
lated  ignoring  potential  well  distorttoo  differ  from  those 
obtained  in  self-consistent  calculations  [2].  Therefore,  the 
results  obtained  pteviouriy  [4]  under  the  assumption  of  ab¬ 
sence  inccdrarent  frequwcy  spread  have  to  be  considered 
criticaliy.  However,  these  results  provide  us  with  a  clear 
picture  of  the  physics  of  the  instability  and  can  be  used  for 
checking  any  other  new  theory. 

it  has  b<een  shown  in  ref.  4  that  the  problem  of  deter¬ 
mining  the  m  =  ±1  thresholds  (as  well  as  others  caused 
by  dbm  coupling)  in  the  absence  of  synchrotron  frequency 
spread  can  be  formulated  as  an  eigenvalue  problem  for  the 
Fourier  components  of  the  line  density.  Moreover,  ana¬ 
lytical  expressions  for  matrix  elements  for  some  specific 
distributions  have  been  found  [4]. 

II.  INTEGRAL  EQUATION 

We  normalize  the  loi^tudinal  coordinate  q  such  that 
the  Hamiltonian  of  the  particle  is 

H(P,9)=^  +  V(q),  (1) 

where  p  is  the  longitudinal  momentum  and  V(9)  is  a  po¬ 
tential  which  we  asmune  to  be  symmetric. 

In  the  case  of  space-chwge  impedance,  the  self-force  is 
proportional  to  the  derivative  of  the  line  density  and  we 
also  can  define  an  intensity  parameter  /  so  that 

Fsc  =  -/^  and  V  =  Vo  +  /  A(g),  (2) 

dq 


where  X{q)  is  the  line  density.  /  may  have  either  sign:  for 
space-charge  it  is  positive  below  transition  uid  negative 
above. 

Hie  Vlasov  equation  can  be  written  in  terms  d  p  an  q, 
or,  more  conveniently,  in  action-angle  variables  as 


(3) 


where  J  =  -dH/de  and  =  dH/dJ. 

It  can  be  shown  that  the  stationary  distribution  ^  vs  & 
function  of  J  only.  We  therefore  look  for  a  soluticm  in  the 
form  ^  =  V'o(*f)  + 0>  where  is  a  small  perturba¬ 
tion.  The  Hamiltonian  of  the  system  can  then  be  written 
as 

HiJ,  9,  t)  =  HoiJ)  +  /  A,  iqiJ,  0),t),  (4) 

where  dp.  Dropping  terms  of  second  or¬ 

der  and  t^ing  into  account  that  dHo/dJ  =  u>(J),  the 
linearized  Vlasov  equation  becomes 


^1 

de 


d\i  dv>0 
de  dj 


(5) 


It  turns  out  to  be  more  convenient  to  take  V’o  and  ui  to  be 
a  functions  of  e  =  H{p,  q)  instead  of  J: 


1  d^o 
w(J)  dJ  ■ 


(6) 


We  look  for  a  solution  in  the  form  i>\  =  ft"*  (and  A|  = 
gt"*)  Then  with  the  definition  n(f)  =  i'/w(f),  we  get 

!l/  +  g-V.(.)g=0.  (7) 

The  periodic  solution  /(f,d)  =  /(f,^  -f  2x)  is 


'h  ir' 


Note  that  although  this  result  is  formally  equivalent  to 
that  given  by  Krinsky  and  Wang  [3,  eqn.3.18],  it  differs 
in  the  sense  that  the  present  treatment  is  a  perturbation 
about  the  stationary  case  which  includes  the  space-charge 
impedance;  in  ref.  3,  the  stationary  induced  potential  is 
ignored. 
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Int^palng  eqii.S  by  parts  «e  get 

fifJ)  *  iiiif)8iq) 

o  /*+*» 

-  «**<•-*  W)rf^-  (9) 

Integrating  eqa.  9  over  the  momentum  and  taking  into  ac¬ 
count  that  g{q)  =  J  f{f,9)dp,  we  have  finally 

y(,){l-/A'(V)]=  (10) 

/W  fj  ft+if 

^  dp^'oO)^;n  Z  i  I  , 

where  A'(V’)  =  dA/dV,  and 

(11) 

is  an  auxiliary  function  for  which  we  introduced 

previously  [1]  in  connection  with  finding  stationary  distri¬ 
butions. 

Eqn.  1 1  is  non-linear  with  respect  to  t/  and  therefore  is 
not  easy  to  solve  in  general.  In  the  special  case  u  -*  0, 
however,  we  have  the  simple  result 

g(g)  [1  -  /A'(V)]  =  V-S(c)dp  /'  g(9')d0'  •  (12) 

^  J-eo  Ja 

The  V  —*Q  limit  can  be  thought  of  as  coupling  between  ±m 
asimuthal  modes  [4].  Since  the  dipole  mode  m  =  ±1  is  the 
lowest  order  antisymmetric  eigenmode  g(q)  =  —gi—q),  the 
integral  in  eqn.  12  vanishes  and  we  find 

ff(ff)ll-/A'(V))  =  0.  (13) 

III.  MODE-COUPLING  THEX)RY 

A  different  method  to  determine  thresholds  of  longitudi¬ 
nal  bunched  beam  stability  in  the  presence  of  space-charge 
was  used  in  ref.  4.  The  thresholds  corresponding  to  cou¬ 
pling  between  ±m  azimuthal  modes  can  be  formulated  as 
an  eigenvalue  problem  for  the  Fourier  components  of  the 
line  density.  To  compare  the  two  techniques  we  have  cho¬ 
sen  the  family  of  distributions  defined  by 

V’o(<)  =  [1  -  «( 1  -  0]  c"‘  ( 14) 

This  family  is  very  convenient  because  it  contains  both 
the  ‘gaussian’  («  =  0)  and  ‘hollow-gaussian’  (or  =  1)  cases, 
and  because  the  matrix  elements  of  the  eigenvalue  problem 
can  be  foimd  2uialytically.  The  eigenvalue  problem  can  be 
written  in  the  form 

OO 

tt9k=  Hkigi,  (15) 

|=  — OO 

where  y(g)  =  Pt®'**  »o<l  the  matrix  elements  are 

Hki  =  -5^(l-/o(W)]  (16) 

-  ;;;|^{-^^[l-M«)]+*f[i-/,(W)l}- 


F1gur«  1:  Extraae  etsoivalues  of  eqn.  IS  (plotted  a*  Miuares)  and 
extreme  values  of  A'(V)  (solid  lines). 


Here  7m (z)  =  e~'/m(z)  is  the  exponentially  scaled  modi¬ 
fied  Bessel  function.  The  lowest  thresholds  can  be  found 
from  the  condition  /t/th  =  1,  where  fi  are  the  extreme 
eigenvalues  (of  either  sign). 

In  comparison,  we  have  from  eqn.  13  that  1— A'(V’)  /th  = 
0.  With  i>o  given  by  eqn.  14,  the  expression  for  A(V')  is 


A(V)=(l-|-|-«Y)e-‘'.  (17) 


Simple  analysis  allows  us  to  obtain  the  following  expres¬ 
sions  for  extreme  values  of  A'(K)  for  different  parameters 
a. 


A'(V)mi„  = 


A'(K)m«,  = 


{ 

! 


-1  +  f« 

if  0  <  0  <  1 

-or  exp  (i  -  §) 

if  1  <  a  <  1 

0 

if  0  <  0  <  5 

-l  +  |or 

if  5  <  or  <  1 

(18) 


Therefore,  if  one  plots  /t  and  A'(Y)  vs.  «  on  the  same 
graph,  the  two  curves  should  be  the  same.  In  order  to  solve 
numerically  eqn.  15,  the  matrix  was  truncated  at  40  x  40. 
Minimum  and  maximum  eigenvalues  obtained  in  this  case 
are  the  plotted  points  in  Pig.  1.  The  solid  lines  are  A'{V) 
(18).  We  can  see  that  the  results  are  in  good  agreement. 


IV.  SELF-CONSISTENT  CASE 


The  results  discussed  in  the  previous  section  have  been 
obtained  assuming  no  incoherent  synchrotron  frequency 
spread  (i.e.  V  oc  9^).  To  satisfy  this  condition  in  the  self- 
consistent  case,  the  initial  potential  well  should  be 

Vo  =  V-l-/[A(0)-A(V)],  (19) 

where  V  =  ?*/2,  and  A(V)  is  given  by  eqn.  11.  The  nec¬ 
essary  Vb(9)  to  get  a  self-consistent  stationary  phase  space 
distribution  with  V{q)  =  q^/2  for  the  ‘hollow-gaussian’ 
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Fettle  3:  Vo  V*.  9  *1  tlmdiold  intanaitiM  for  the  ‘hoBow-goMoeien* 
(lietribution.  V  s  9^/2  is  shown  by  the  dashed  curve. 

distribution  ^  =  <e~*  at  threshold  intensities  are  shown 
in  Fig.  2.  The  upper  curve  shows  Vo(9)  at  the  posiiive  mass 
threshold  and  the  bottom  one  at  the  negative  mass  thresh¬ 
old.  As  one  can  see  these  shapes  are  far  from  ‘sinusoidal’ 
or  ‘hvraonic’. 

Realistically,  of  course,  is  harmonic  and  V{q)  is  dis¬ 
torted  by  space-charge.  In  this  case  we  can  find  the  thresh¬ 
olds  beyond  which  no  stationary  distribution  exists  [1]. 
Surprisingly,  the  stationarity  criterion  found  in  ref.  1  is 
the  same  as  we  obtained  for  thresholds  corresponding  to 
m  =  ±1  mode-coupling!  This  means  that  in  the  case  when 
Vo  is  a  harmonic  potential,  m  =  ±1  modes  do  not  couple. 

It  is  necessary  to  mention  that  this  criterion  is  valid  for 
soy  Vo(9)  for  which  dVo/d(9^)  0  (i.e.  no  local  minima). 

This  analysis  can  be  extended  to  the  case  when  1^0(9)  is 
not  symmetric.  Unfortunately,  in  this  case  we  can’t  use  the 
symmetry  of  the  eigenfunctions  to  determine  the  thresh¬ 
olds  as  has  been  done  earlier  in  this  paper.  Numerical  so¬ 
lution  of  the  integral  equation  is  required.  This  has  been 
done  fm  several  cases  of  ipo  and  the  results  are  consistent 
with  the  same  threshold,  namely  /A'(V)  =  1.  However,  no 
formal  proof  of  the  universality  of  this  criterion  has  been 
found. 


general,  when  dVo(q*)/d(f*)  >  0),  coupling  between  m  = 
±1  modes  cannot  occur  for  any  stationary  distribution. 

We  also  can  make  a  conclusion  about  the  shape  of  the 
eigenfunction  g(q)  at  threshold:  since  the  threshold  condi¬ 
tion  (13)  is  satiS^  in  general  at  only  (me  specific  point 
9Ui,  tiq)  can  be  non-sero  only  at  9th •  Indeed,  recovering  g 
from  the  eigenfunction  {ys}  corresponding  to  /in  =  /i  [4], 
we  ftnd  a  very  sharp  peak  at  the  point  where  /u,  A'(  V)  =  1 
and  almost  sero  elsewhere,  and  the  peak  becomes  sharper 
with  increasing  order  of  the  matrix  used  in  eqn.  15. 
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V.  CONCLUSION 

A  simple  criterion  for  the  thresholds  given  by  vanishing 
of  the  real  part  of  the  eigenfrequency  (coupling  between 
m  =  ±1  azimuthal  modes)  for  the  bunched  beam  in  the 
case  of  space-charge  impedance  has  been  derived  from  the 
linearized  Vlasov  equation.  The  thresholds  obtained  from 
this  criterion  have  been  found  to  be  in  good  agreement  with 
the  thresholds  obtruned  by  the  mode-coupling  method  for 
the  family  of  distributions  which  includes  ‘gaussian’  and 
‘hoUow-gaussian’  cases.  The  method  described  in  ref.  4 
neglects  the  potential  well  distortion  and  the  incoherent 
synchrotron  frequency  spread  caused  by  nonlinear  space- 
charge  forcf  i.  It  has  been  found  that  when  the  potential 
can  be  iqjproximated  by  a  parabolic  one  Vo  =  9^/2  (or,  in 
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Abstract 

A  oew  ^pe  of  a  bunch  lengUi  monitor,  delecting  two 
fitequency  components  of  a  beam  qmcinim,  has  been  installed 
in  the  TRISTAN  Accumulaium  Ring  (AR).  Calibratioa  of 
the  moniior  was  carried  out  whh  the  caiculaied  natioal  bunch 
length  at  a  low  beam  current  Bunch  lengthening  was 
measured  as  a  fimction  of  the  beam  cunent.  When  the  beam 
cunent  increased,  a  suddm  blowup  of  the  bunch  length  was 
observed  together  with  strong  coherent  oscillations.  It  was 
also  observed  that  the  blowiqt  exhibited  hysteresis  when  the 
beam  curreitt  decreased,  which  suggested  a  strong  nonlinear 
force  in  the  bunch  iengtbenii^  process. 

1.  INTRODUCTION 

Bunch  lengthening  is  one  of  the  most  important  issues  in 
electronfpositron  rings  from  the  aspect  of  beam  dynamics.  In 
the  AR.  bunch  ki^thenkig  actually  occurs.  It  is  eM»cted  that 
the  bunch  length  should  be  measured  dynamically  to  undnstand 
the  bunch  lengthening.  The  bunch  length  has  been  measured 
using  the  synchrotron  light  by  a  streak  camera,  whereby  an 
nns  bunch  length  is  obtained  from  a  stored  logitudinal  proBle. 
This  method  has  an  advantage  of  detecting  a  charge 
distribution.  However,  it  is  difficult  to  follow  dynamical 
change  of  the  bunch  length.  Theref(»e,  a  real-time  bunch- 
length  monitor  has  been  developed  in  the  AR. 

The  AR  has  only  one  electron  or  positron  bunch.  The 
main  parameters  of  the  AR  are  listed  in  Table  1. 

Table  1  Main  parameters  of  the  AR 

Beam  energy  E  =  2.S  GeV 

RF  frequency  Fjf  =  508.58  MHz 

Harmonic  number  h=640 

Average  radius  R=d0  m 

Number  of  buches  B^l 

Maximum  beam  current  Ib^O  mA 

Accelerating  voltage  Vc=0.5  -  4.0  MV 

Natural  nns  buix^h  length  GlO  =K).8  -  2.0  cm 

Synchrotron  tune  Vs(p0.025  -  0.050 

Momentum  compaction  factor  a;s0.0129 
Energy  spread  AE/E=4.40xl0*^ 


2.  BUNCH  LENGTH  MONITOR  (BLM) 

A  bunch  is  picked  up  by  a  stripline  etocuode  with  a  length 
of  Ls30  cm.  The  pulse  is  divided  into  two  paths.  One  is  for 
detecting  the  250  MHz  component  and  the  other  for  the  1620 
MHz  component.  The  two  signals  are  detected  and  mixed 
again.  An  analog  calculator  unit  (AD538)  generates  a  signal 
proportional  to  the  bunch  length.  An  imbalance  of  the  pin 
between  the  two  channels  produces  an  offset  at  the  ouqmt  of 
the  monitor  and  is  compensated  by  a  variable  attenuator 
inserted  in  one  channel.  Details  of  die  electronics  are  seen  in 
ref.Il]. 

Calibration  of  the  monitor  has  been  p^ormed  using  a  low- 
current  bunch.  When  the  beam  current  is  sufficiently  small, 
the  longitudinal  distribution  should  be  Gaussian,  and  its  tins 
bunch  length  tqiproaches  the  luttural  bunch  length  (Giq).  The 
bunch  length  is  controlled  by  the  accelerating  cavity  voltage 
(Vc).  The  bunch  length  was  measured  at  a  beam  carrent  of 

Ib-0.3  mA  or  N=2.4xl0^  particles.  This  current  is  within  the 
effective  range  of  the  monitor.  The  bunch  length  at  that 
current  will  be  equal  to  the  natural  bunch  length  from  the 
experiences  so  far.  The  measured  bunch  length  is  adjusted  by 
using  the  variable  attenuator  with  a  stqr  of  0.25  dB  so  as  to  set 
the  measured  value  by  the  calculated  bunch  length.  After 
fixing  the  attenuation,  the  bunch  length  was  measured  as  a 
function  of  Vc.  Vc  was  changed  from  0.6  to  3.2  MV,  which 
corresponded  to  the  natural  rms  bunch  length  of  1.88  to  0.79 
cm.  Fig.  1  shows  the  measured  bunch  length  agrees  with  the 
caluculated  natural  bunch  length  within  ±10  %. 

This  monitor  has  the  following  features: 

(1)  It  has  high  resolution,  and  can  disdnguish  a  difference  of 
0.1  mm  for  20  mm  bunch  length,  which  corresponds  dme 
resolution  of  0.3  ps. 

(2)  It  has  the  wide  dynamic  range,  minimum  detectable  cunent 
is  0.2  mA  with  an  accuracy  of  ±10%. 

(3)  It  has  wide  bandwidth  of  150  kHz,  and  can  detect  coherem 
oscillations  including  higher  modes,  if  excited. 

(4)  It  automatically  diqilays  the  bunch  length. 

(5)  Easy  to  handle  and  maintain. 
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Fig.  1  Measured  and  caiculated  bunch  length. 


There  are  two  juni|»  in  the  bunch  length,  one  conesponds 
to  line  <B>-<C>  aiMl  the  other  <D>-<A>.  The  current  for  the 
jump  depends  on  Vc.  A  lower  Vc  or  longer  bunch  length 
makes  the  ,iump-up  and  the  jump-down  occur  at  a  lower 
current.  The  region  between  the  two  jumps  is  called  the 
hysteresis  region,  where  two  bunch  lengths  are  possiUe.  Hg. 
4  shows  the  jump-up  and  the  jump-down  values  of  the  current 
as  a  function  of  Vc.  The  hysteresis  region  increases  as  Vc 
increases. 


3.  MEASUREMENT  OF  BUNCH  LENGTH 

The  measurement  was  carried  out  during  an  injection 
process  under  constant  Vc.  The  bunch  length  was  also 
measured  using  a  streak  camera  (SC).  Bunch  lengthening  was 
observed  below  1  mA  without  a  clear  threshold.  No  coherent 
oscillation  was  observed  below  3  mA.  On  the  other  hand,  the 
transverse  profile  obtained  from  the  synchrotron  radiation 
showed  a  vertical  instability  [2].  The  vertical  profile  was 
expanded  intermittently,  which  was  not  dipole  oscillatitxis. 
The  vertical  instability  is  stronger  for  higher  Vc  and  for  shmrtar 
bunch  length.  However,  the  vertical  instability  seems  to  be 
settled  to  above  4.0  mA.  When  the  beam  current  was  around 


3.2  mA,  the  monitor  showed  coherent  oscillations  with  a 

quadrupole  synchrotron  frequency  (2fs)  on  a  spectrum  analyzer.  F'S-  ^  Coherent  oscillations  at  a  shorter  bunch  length  before  a 
Suddenly,  the  bunch  length  increased  by  20  to  40%,  when  the  ju^P'up  {^)>  and  a  longer  bunch  length  after  a  jump-up  (b)  at 
current  was  4.8  mA.  This  jump  was  also  confirmed  by  the  ^  Vc=l.  18MV .  The  frequency  span  is  10  to  1 10 

streak  camera.  A  jump  of  the  bunch  length  makes  the  pattern  vertical  scale  is  10  dB/div. 


of  the  oscillations  different.  Though  only  quadrupole 


oscillation  was  excited  before  a  jump,  strong  oscillations  were 
excited  with  higher  order  mo^  after  a  jump  as  seen  in 
Fig.2(a)  and  Fig.2(b).  The  synchronous  phase  angle  also 
jumped  by  about  2  deg.  together  with  the  jump  of  the  bunch 
len^.l3] 

A  jump  in  the  bunch  length  exhibited  hysteresis  as  a 
function  of  the  current  as  is  shown  in  Fig.  3.  When  the 
current  was  decreased  from  point  <C>  after  a  jump,  the  bunch 
length  did  not  return  at  the  same  current  of  4.8  mA,  where  the 
jump-up  occurred  when  the  current  was  increased.  The  bunch 
ien^  pursues  line  <C>-<D>.  The  pattern  of  oscillations  on 
line  <(>-<D>  was  the  sune  as  that  observed  at  point  <C>. 
While  the  bunch  length  was  on  line  <C>-<D>,  no  vertical 
oscillation  was  oteerved.  The  longer  bunch  length  on  line 
<C>-<D>  fluctuates  due  to  the  coherent  oscillations  as  seen  in 
Fig.2(b).  As  the  current  was  further  decreased,  jump-down 
occurred  from  point  <D>  to  <A>.  At  the  same  time,  no 


coherent  oscillation  was  observed,  and  the  bunch  length 
hysteresis  disappeared. 


Fig.  3  Hysteresis  of  a  jump  in  the  bunch  length  as  a  function 
of  thccuneniai  Vcsl.18  MV. 
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Fig.  4  Jump-up  and  jump-down  currents  in  the  hysteresis  as  a 
function  of  Vc. 

4.  DISCUSSION 

Let’s  separate  the  bunch  lengthening  shown  in  Fig.  3  into 
two  regions.  At  a  low  current  region  below  3  mA,  no 
coherent  oscillation  is  observed.  The  bunch  length  slightly 
increases.  Bunch  lengthening  data  are  applied  to  the  potential- 
well  distortion  model  [4]  expressed  as 


as  a  function  of  Vc.  One  may  notice  a  big  difference  between 
Fig.  3  and  Fig.  4.  In  Fig.  3.  the  threshold  current  decreases  as 
Vc  increases.  On  the  contrary.  The  Jump  in  the  Ininch  length 
increases  as  Vc  increases  in  Fig.  4.  The  reason  of  the 
difference  is  not  clear.  The  vertical  mstability  which  occurs  in 
the  hysteresis  region  may  play  a  mysterious  role  in  this  bunch 
lengthening.  Further  suidy  is  needed. 


0.0  0.5  1.0  1.5  2.0 


Vc  (MV) 

Fig.  3  Estimated  threshold  current  of  the  turbulent  instability 
using  measured  bunch  lengthening  data 
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Here,  G)  is  the  bunch  length,  e  is  the  elementary  electric 
charge  and  IZ(o))/nl  is  the  imaginary  part  of  the  effective 
impedance.  The  effective  impedance  can  be  estimated  using 
eq.  (1).  The  measured  impedance  is  0.9±0.1  and  1.7±0.2  Q.  at 
Vc=1.18MV  by  the  BLM  and  SC,  respectively.  The 
difference  may  be  due  to  a  deformation  of  the  bunch  shape. 

At  a  higher  current  region  above  3mA,  a  bunch  is 
tumbling  in  the  longitudinal  phase  space  and  is  vertically 
expanded.  One  may  consider  the  jump  in  the  bunch 
lengthening  is  related  to  the  turbulent  instability.[3]  The 
threshold  current  of  the  instability  is  given  as 


4.  SUMMARY 

1.  The  measured  bunch  length  with  the  BLM  agrees  with  the 
calculated  natural  bunch  length  within  10%.  The  bunch 
lengths  measured  by  the  BLM  and  by  SC  have  a  slight 
difference,  which  may  be  due  to  a  deformation  of  the  bunch 
shape. 

2.  A  jump  in  the  bunch  length  was  observed  together  with 
coherent  oscillations.  This  jump  has  hysteresis  when  the 
beam  current  increases  and  decreases,  which  suggests  a  strong 
nonlinear  force  in  the  bunch  lengthening. 

3.  Considering  the  jumps  as  the  threshold  of  the  turbulent 
instability,  the  threshold  current  is  estimated  using  measured 
bunch  lengthening  data.  There  is  a  difference  between  the 
measured  and  the  estimated  thresholds. 


The  bunch  length  and  the  impedance  were  measured  by  the  two 
methods.  Though  there  is  a  difference  between  their 
measurements,  the  threshold  current  can  be  estimated  using 
each  measured  impedance.  The  calculated  energy  spread  is 
used  in  eq.  (2).  Fig.  3  shows  the  estimated  threshold  current 
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Abstract 

In  onkr  to  reach  the  desire  luminosity  with  2S0  GeV  per 
beam,  multibunch  operation  (limited  to  4  bunches,  say)  might 
have  to  be  considered  in  the  CERN  linear  collider  (CLIC). 
One  limitation  comes  from  the  coupling  of  the  bunch  motion 
with  the  long-range  transverse  wake  fields  that  may  induce 
beam  toeakup.  These  wake  fields  have  therefore  to  be 
contndled,  and  means  of  reducing  their  effects  on  the  beam 
are  discussed  in  a  companicm  p:^.  One  possibility  consists 
in  detuning  the  dipole  modes  in  the  cells  to  obtain  decohetent 
contributions  and  hence  reduce  the  field  amplitude  at  the 
downstream  bunch  location.  The  important  question  is  to 
know  below  which  value  this  amplitude  must  be  limited  to 
prevent  intolerable  beam  breakup.  In  a  first  attempt  at 
estimating  this  threshold  for  CLIC  two  approaches  are 
considered,  i.e.  the  criterion  devekq)ed  at  SLAC  and  based  on 
the  convergence  of  the  multibunch-motion  solution  [1],  and 
numerical  simulations  of  two-bunch  motion  in  a  focusing 
lattice. 

I.  INTRODUCTION 

Starting  with  the  prcqx)sed  parameters  fw  the  SOO-GeV 
cue  opti<m  [2],  i.e.  250  GeV  per  beam,  a  single  bunch  with 
6  X  lO’  particles  in  each  linac  leads  to  a  total  luminosity  of 
7.9  X  l(p2  cm**s“*  and  a  luminosity  for  energies  not  lower 
than  95%  of  the  nominal  of  5.3  x  10^^  cm~^^  In  order  to  go 
beyrmd  the  target  value  of  10^^  at  constant  repetition  rate, 
one  would  need  either  more  particles  per  bunch  (thereby 
increasing  the  background)  or  a  minimum  of  two  bunches 
per  beam.  Reaching  sufficient  luminosity  with  lower 
background  might  require  four  bunches  per  beam  with  a 
population  reduced  to  4.24  x  10^  particles  per  bunch,  say.  This 
is  the  motivation  behind  the  study  of  multibunch  dynamics 
for  CLIC. 

The  first  stq>  in  this  study  is  to  consider  the  interactiem  of 
two  bunches  only,  through  the  kmg-range  wake  fields  induced 
by  the  first  one.  This  would  not  only  answer  the  stability 
question  for  two  bunches,  but  also  give  useful  information  for 
a  longer  train  if  one  assumes  that  the  effect  of  the  wake  field 
generated  by  each  bunch  is  mainly  experienced  by  its 
immediate  downstream  neighbour.  This  assumption  of 
nearest-neighbour  coupling  remains  to  be  verified  in  the 
specific  case  of  dipole-mode  detuning  with  the  CLIC 
acceleration  structure.  Nevertheless,  one  expects  interesting 
indications  on  beam  stability  from  a  two-bunch  model,  as 
exjdained  below,  knowing  that  the  number  of  bunches  per 
CLIC  beam  would  always  be  small  anyway. 


n.  MULTIBUNCH  MOTION  FORMULATION 


Multibunch  motion  with  nesest-ndghbour  coiqtling  was 
recently  formulated  for  smooth  focusing  [1],  starting  from  the 
basic  equation  of  motion 

Y(j)x"  +  y  (s)x  +  yis)k^x  =  Jp  jc(i)dr  •  (1) 


where  y(s)  is  the  energy  (assumed  to  increase  linearly  with 
distance  s  like  Y  =  Yo  +  Gs),  k  the  transverse  wave  number 
(=  1/p),  p  the  line  charge  density  and  IVf  the  transverse  wake 
field  Green’s  function.  To  solve  the  inoblem,  the  author  [1] 
looks  for  an  equivalent  equation  of  motion,  reduced  to  one  for 
zero  acceleration.  Diving  it  from  (1)  requires  a  change  oi 
variables  that  caneds  the  s-dependence  of  y  in  the  terms  yr" 
and  Yk^x.  This  implies,  because  ol  the  second  dmivative,  a 
change  of  the  indq)endent  coordinate  identical  to  die  change 
of  k,  while  the  amplitude  x  must  be  normalized  with  the  p- 
fimetion  that  is  scaled  with  Yas  1/k,  ix. 


The  e^qxment  is  an  arlntrary  coefficient  that  dqncts  the 
Y-scaling  of  the  betauon  function  retained  [3].  The 
transformation  (2)  does  not  exaedy  reduce  Eq.  (1)  to  one  for 
ermstant  Yand  the  approximation  that  the  relative  energy  gain 
G/y  is  small  within  a  betatron  period  has  to  be  invoked.  Using 
Eq.  (2),  the  length  (tf  the  equivalent  zero-acceleration  linac  is 
given  for  an  arbitrary  lattice  scaling  [3]  by 


(3) 


where  G  is  the  enogy  gain,  Yo  and  Yf  the  initial  and  final 
energies.  In  the  last  proposal  ftx  CLIC,  oq,  =  0.4  [3]  and  the 
length  becomes  equal  to  1.2  km  about 
The  assumption  that  the  wake  field  is  indqimident  of  position 
along  the  linac  allows  for  the  derivation  of  an  exact  solution  to 
the  equations  of  motion  [1].  The  key  point  is  that  the 
amplitude  growth  is  charactoized  by  a  power  series  in  f-z  and 
the  condition  to  keep  the  bunch  amplitudes  small  is 

f  L<\  with  (4) 

where  IV-fb  is  the  wake-field  strength  at  one  bunch  sqiaration, 
Ne  the  charge  per  bunch,  Pq  the  initial  betauon  amplitude  and 
Eq  the  injection  energy.  Fw  the  500-GeV  CLIC  option 
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pwMBeiew  (A^b6x  l()^,Pos6.S  in,^s9GeV),  cooditkMi 
(4)  tdb  u  that  H'n  must  be  smaller  ihmi  2.4  MVM^AiC  for 
the stabiUty.  IHooe the asaximum  tnnsverse field  i^ris  idwut 
1100  MV/m^/hC  in  the  tail  of  each  bunch  [4],  this  criterion 
hnilies  an  attcntmtion  erf  tqiproximately  450  of  the  field  at  one 
bunch  sepuatkm.  With  a  reduced  population  of  4.2  x  10^ 
particles,  an  attenuation  of  300,  say.  is  required  according  to 
(4).  for  multibunch  stability.  This  already  gives  a  valuable 
clue  about  the  required  reduction  of  the  dipole  modes  by  cell 
detuning,  which  remains  to  be  cross-checked  with  numerical 
simulations. 

in.  MULTBUNCH  MOTION  SIMULATIONS 

The  analytical  formulation  quoted  in  Section  n.  leading  to 
a  simple  stability  criterion,  is  valid  for  a  constant-acceleration 
linac  with  smooth  focusing  and  wake  fields  independent  of 
position  along  the  linac.  Although  the  formalism  has  been 
extended  to  include  linac  FODO  arrays  and  wake-field 
variations  in  the  structures  [1].  numerical  simulations  have 
been  retained  for  investigating  further  the  two-bunch  motion 
in  an  AG  focusing  lattice  of  the  CLIC  linac. 

The  tracking  has  been  performed  with  two  identical 
bunches,  experiencing  the  same  shtHt-range  wake  fields 
whose  maximum  amplitude  W  t  has  been  evaluated  fiom  218 
transverse  modes  [4].  In  addition,  a  long-range  wake  field  W-n, 
has  been  superimposed  in  the  second  bunch,  taking  it  ctxistant 
within  the  bunch  for  simplification.  The  focusing  FODO 
structure  incorporates  the  most  recent  lattice  scaling  with 
energy  [3]  that  allows,  in  the  single-bunch  mode,  alignment 
tolerances  of  SO  pm  for  quadripoles.  10  pm  for  cavities  and  2 
pm  for  beam-position  monitors.  Microwave  quadrupoles  ate 
used  fix  BNS  damping  and  autophasing  in  each  bunch. 

The  procedure  for  controlling  the  trajectory  is  based  on 
the  presence  of  moniuxs  at  each  girder  and  possible  iterations 
of  the  ctxrection  [3].  In  the  two-bunch  mode  however,  the 
sequence  of  the  successive  qKtations  is  mtxe  complex.  One 
admits  the  trajectory  is  first  measured  and  minimized  with  one 
bunch  only,  with  sets  of  RF  quadrupoles  adjusted  for 
stabilizing  transverse  oscillations.  After  an  optimum 
correction,  two  bunches  are  injected  in  the  linac.  and  the 
trajectory  measured  using  the  total  integrated  signal  of  both 
bunches  is  corrected.  During  this  second  operation,  RF 
quadrupoles  are  tuned  again  by  sectors  (7(X)-m  long, 
typically),  and  iterations  are  carried  out  whenever  it  is 
worthwhile  for  emittance  control. 

Simulations  were  started  with  the  lower  bunch  pcqtulation 
considered  (A^  =  42  x  10^  for  diffoentlFi/IVTi,  ratio.  It  has 
been  observed  that  beam  bteakiqr  always  rises  strongly  over  a 
short  distance  (200  m,  say),  after  a  long  and  slow  buildup  of 
coherent  instability  (Fig.  1).  The  physical  explanation  for  such 
a  latent  instability  has  already  been  prt^xrsed  in  the  past  [S]. 
After  the  initial  perturbation,  both  bunches  oscillate  with  the 


same  phase  and  the  wake  field  exritarinn  is  in  quadratue  wiA 
the  mnplitude  of  the  oscillation.  Wake  fields  provoke  then  a 
moe  phase  sl^  that  increases  with  the  distance  travelled  by 
the  bunches.  The  oscillations  of  the  second  bunch  lag  behind 
those  of  the  first  and  their  amplitude  spir^  slowly  towards 
larger  values  over  a  high  number  (tf  betatron  wavelengths 
depending  on  field  strength.  Eventually,  when  a  finite  phase 
lag  develops,  an  in-phase  excitation  component  appears, 
leading  to  a  rapid  amplification  ttf  the  initial  amjditude.  For 
W-ratio  of  50.  this  amplification  takes  place  whhin  the  3-km 
length  of  the  250-GeV  CLIC  linac  and  for  100,  within  the 
12-km  length  of  the  1-TeV  CLIC  linac  (Hg.  1).  In  order  to 
have  it  beyond  die  exit  of  the  1-TeV  linac.  a  wake-field  ratio 
of  at  least  ISO  is  required  widi  this  bunch  intmisity.  Having 
poshed  the  beam  Ixeakiqi  outside  the  linac,  RF  quadrupoles 
can  be  adjusted  to  keep  the  emittance  dilution  low  over  the 
linac  length  and  fight  the  coherent  instability  of  bunch  2.  For 
that  purpose,  RFQ  strength  is  reduced,  mainly  towards  the  end 
of  the  linac,  in  order  to  compromise  between  BNS  damping  of 
short-range  wake  field  in  both  bunches  and  counteracting 
Itmg-range  constant  wake  field  in  bunch  2.  This  succeeded  in 
limiting  emittance  growth  to  tolerable  values  (average  ttf  2  x 
lO"*^  rad  m)  for  W-^atio  equal  to  100  O^ig.  2)  and  300  (Fig.  3). 

Considering  then  a  bunch  pqxilation  of  6  x  lO^,  a  W-rttio 
of  at  least  500  is  necessary,  in  ixder  to  obtain  final  normalized 
emittaiu:es  (Fig.  4)  that  lead  to  about  twice  the  luminosity 
expected  with‘yBy=  2  X  lO-*^  rad  m  and  one  bunch  po^  beam. 

IV.  COMMENTS  AND  PERSPECTIVE 

While  the  analytical  ftmnulation  suggests  a  wake-field 
attenuation  on  the  level  of  the  follower-bunch  by  300  and  450 
depending  on  the  population,  two-bunch  tracking  shows  that 
careful  adjustment  of  the  RF  quadnqwles  makes  it  possible  to 
keep  both  bunches  stable  within  requirements  with  factors  100 
and  500,  i.e.  in  fairly  good  agreement.  These  W-ratios  look 
high,  however,  in  the  sense  that  th^  are  difficult  lo  achieve  by 
detuning  the  dipole  modes  in  the  30-GHz  cells,  as  recent 
studies  show  [6].  A  possible  way  out  could  be  the  introduction 
of  two  dipole  modes  at  different  frequencies  in  every 
staggered,  tuned  accelerating  section  or  the  introduction  ttf 
two  different  types  oi  sections,  each  with  one  d^le  mode,  the 
two  modes  being  sqiarated  by  it  at  the  second  bunch  position. 
As  suggested  by  W.  Schnell,  alternating  these  sections  to  have 
a  succession  of  tqiposite  wake-field  amplitudes  corresponds  to 
a  pseudolocal  compensation.  Tracking  with  W-amplitudes 
roughly  opposed  in  two  contiguous  sections,  but  with  20% 
systematic  difference  and  10%  r.m.s.  spread,  indicates  it  is 
possible  in  a  particular  case  to  obtain  the  taiget-emittances  at 
the  2S0-GeV  linac  end  with  iWj/  W.p,  ratio  of  40  (Fig.  5). 
This  result  and  the  phenomenology  of  the  latent  instability 
(Section  III)  suggest  the  further  investigation  of  what  I  would 
call  alternate  wake-kick  damping. 
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L‘  Emtoance  growth  widi  N  -  4.2-10^  and  H'^^atk)  of  100 


Z/ffi 

Hg.  3:  Bimiiance  growth  with  a  4.2-10^  and  ly-ratk)  of  300 


Fig.  S:  Two-bonch  emiitance  growA  with  altemaiB  wake-kicfc 
damping,  M  a  6- tfid  W^-ntio  of  40 
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INTRODUCTION 

A  kmgitadinal,  eingte  bunch  instability  has  beoi  ob¬ 
served  in  ^e  SLC  damping  ring8.[l]  Beyond  a  threshold 
current  3  x  10***  the  enwgy  spread  of  t^  beam  incresses 
and  a  “saw-tooth  instability”  I4>pear8.  The  latter  tom  is 
meant  to  describe  a  rather  crunplicated  phenomenon,  de¬ 
pending  on  both  current  and  rf  voltage.  In  one  form  it 
describe  a  cycle  that  includes  a  quick  increase  in  bunch 
length,  over  a  time  <mi  the  order  of  a  synchrotrem  period, 
and  then  a  much  slower  return  to  the  original  length,  over 
a  time  on  the  order  of  a  radiation  damping  time.  Although 
the  total  relative  change  in  length  is  only  about  10%  the 
resulting  unpredictabiUty  of  the  beam  properties  in  the 
rest  of  the  SLC  accelerator  makes  it  difficult,  if  not  im¬ 
possible,  to  operate  the  SLC  above  the  threshold  current. 
With  the  goal  of  trying  to  understand  this  instability  the 
simulations  that  are  the  subject  of  this  paper  were  begun. 

Bunch  lengthening  calculations  have  been  performed 
before  for  the  SLC  damping  rings,  to  obtain  the  average 
bunch  shape  as  function  of  current.[2]  The  Wakefields  of  all 
the  important  vacuum  chamber  components  were  first  ob¬ 
tained  numerically.  [3]  The  dominant  elements  were  found 
to  be  many  small  di^ntinuities — bellows,  masks,  transi¬ 
tions,  etc.— -elements  that  are  inductive  to  the  beam.  Once 
the  total  Wakefield  had  been  obtained,  and  the  thresh¬ 
old  current  was  known  (from  measurements),  the  average 
bunch  shapes  were  found  by  means  of  a  potential  well  cal¬ 
culation.  The  bunch  ah^>es  obtained  in  this  way  were 
found  to  agree  very  wdl  with  measurement  re8ults.[4] 

In  this  paper  we  investigate  the  single  bunch  bi^avior 
of  the  SLC  damping  rings  using  time  domain  tracking  and 
also  a  Vlasov  Equation  approa^.  Since  the  earlier  bunch 
length  calculations  the  damping  ring  vacuum  chamber  has 
been  modified,  by  sleeving  the  bellows.  Our  results  will, 
therefore,  include  the  effects  of  this  modification. 

PHASE  SPACE  TRACKING 
The  Fbrmalima 

We  use  a  now  standard  tracking  method  for  simulat¬ 
ing  the  effect  of  the  wakefield  on  the  longitudinal  phase 
space  of  the  beam.[5-9]  The  beam  is  represented  by  JVp 
macro-particles;  ead  particle  i  has  position  and  energy 
coordinates  (rt,Cj),  with  a  more  negative  value  of  z  more 
toward  the  front  of  the  bunch.  The  properties  of  particle 
t  are  advanced  on  each  turn  according  to  the  equations: 

Aci  =  +  2<reoJ^ri  +  V:fZi  +  Vini^Zi)  (1) 

Ar<  =  ^^(c.  +  Af<)  ,  (2) 

with  To  the  revolution  period,  Tt  the  damping  time,  0,0  the 
nominal  rms  energy  spread,  the  slope  of  the  rf  voltage 
(a  negative  quantity),  a  the  momentum  compaction  factor, 
*Work  supported  by  Department  of  Energy  contract  DE- 
AC03-76SF00515. 
oFrom  KEK. 


and  Eb  the  machine  energy;  is  a  random  number  ob¬ 
tained  from  a  ncHrmally  distributed  set  with  mean  0  and 
rms  1;  the  induced  voltage  on  any  turn  is  given  by 

9 

Vin4iz)  =  -eN  j  Wiz-z')X,iz')dz'  ,  (3) 

—CO 

with  N  the  bunch  populatimi,  W{z)  the  Green  fimetion 
wakefield,  and  A,(z)  the  longitudinal  charge  distribution. 
We  approximate  Robinson  damping  of  dipole  oscillations 
by  adding  —7To{e)/Ti  on  the  rij^t  of  Elq.  (1),  with  fc)  the 
average  en«gy  ana  the  Robinson  damping  time.[6j 

Practical  Consideratjons 

Simulations  use  only  a  small  fraction  of  the  real  num¬ 
ber  of  particles  in  the  beam,  and  numerical  noise  can  sup¬ 
press  r^  phenomena  or  generate  its  own  phenomena.  This 
is  particularly  true  with  an  inductive  impedance,  such  as 
the  SLC  damping  rings’,  since  then  the  induced  voltage 
depends  strongly  on  the  slope  of  the  charge  distribution. 
To  calculate  Aj  on  each  turn  we  simply  bin  the  macro¬ 
particles  in  z,  without  smoothing,  and  coimt  on  the  use  of 
a  very  large  number  of  macro-particles  to  give  us  a  suffi¬ 
ciently  smooth  distribution. 

The  wakefield  for  the  ring  with  bellows  sleeves  was  cal¬ 
culated  as  before,  umng  the  computer  program  TBCl,[10l 
with  a  short,  gaussian  driving  bunch  with  r-.  1  mm. 
To  make  it  causal,  the  part  in  front  of  bunch  center  (at 
2  =  0)  was  reflected  to  the  back  (see  Fig.  1).  We  expect 
to  be  able  to  find  beam  instabilities  down  to  wavelengths 
of  about  1  cm. 


sent  the  current  SLC  damping  rings. 

For  the  simulations  we  take  To  =  118  ns,  Eq  = 
1.15  GeV,  rf  frequency  Vrf  =  714  MHz,  <r<o  =  0.07%.  We 
choose  a  peak  rf  voltage  Vrj  =0.8  MV,  where  the  nominal 
bunch  length  Vto  =  4.95  mm,  and  synchrotron  frequency 
v,o  =  99  kHz.  For  practical  reasons  was  reduced  by  a 
factor  of  10  to  0.17  ms.  Therefore  there  are  1445  turns 
per  damping  time,  compared  to  85  turns  per  synchrotron 
period.  We  take  Np  =  300, 000,  and  for  calculating  A^  we 
take  100  bins  to  extend  over  10<Tj  of  the  bunch.  We  start 
the  program  with  the  potential  well  bunch  distribution  and 
let  it  run  for  3  damping  times. 
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SIMULATION  RESULTS 


Awmnigt  BubcIi 

On  Mcb  tom  we  enknlete  the  lower  momente  of  the 
dietiibutiaiie.  By  nveraiging  over  the  last  damping  time 
we  obtain  the  “average  propertiea  the  dk^butiona. 

S.  2a  dkplaya  the  average  value  of  the  flrat  (the  ctoeaea) 
the  aeocmd  (the  dian^ds)  momenta  in  r  aa  functions 
of  current.  ring  being  inductive,  the  hunch  sh^>ee 
are  m<»e  bulbous  than  ganssians,  and  the  bunch  len^ 
increases  with  cuizent. 

In  Ref.  2  the  average  bunch  8h^)es  are  obtained  by  a 
modified  potential  well  solution;  Hajssinski’s  formula  [11] 
is  used  to  find  the  bunch  shiq;>e;  above  threshold  the  enttgy 
q>read,  and  therefore  the  natural  bunch  length  used  in 
Uie  formula,  are  taken  to  increase  as  (since  the  ring 
is  very  inductive).  This  method  apfdied  to  the  current 
damping  ring,  tdjpng  the  threshold  to  be  2  x  10*^,  are 
shown  by  the  lines  in  Fig.  2.  This  approximate  method 
agrees  very  well  with  the  tracking  results.  We  should  also 
point  out  the  bunch  length  for  the  ring  is  very  similar  to 
that  of  the  old  ring,  mily  10%  shorter  at  3  x  10^°. 


N/IO" 


Fig.  2.  Average  bunch  properties  vs  N. 

The  Tbtvshold  Cuneat 

In  Fig.  2b  we  plot  the  average  rms  energy  spread  as 
function  of  current.  Fitting  the  results  to  a  power  law 
increase  above  a  threshold  we  find  the  power  law  to  be  0.28 
and  the  threshold  Nth  =  2.0  x  10^**.  A  confirmation  that 
this  is  the  threshold  current  is  the  fact  that  the  unstable 
mode  (discussed  below)  first  appears  at  this  current,  with 
an  uncertainty  of  —0.25  x  10^  . 

P.B.  Wilson  once  hypothesised  that  one  criterion  for 
the  onset  of  the  instability  is  that  the  slope  of  the  total  volt¬ 
age  W/  ^nd)  gees  to  sero  within  the  bunch.[12]  In  our 
case  this  crit^on  holds  at  1.9  x  10^°;  at  higher  currents, 
as  the  bunch  lengthens,  it  continues  to  hold.  A  related  hy¬ 
pothesis  by  P.B.  Wilson  is  that  the  Hausinski  Equation,  a 
transcendental  equation  of  the  form  Aj  =  /(Aj),  will,  when 
iterated  above  threshold,  asymptotically  give  two,  alter¬ 
nating  s(UUtions.[13]  In  our  case  this  begins  at  2  x  10^°. 

Repeating  the  tracking  calculation  for  the  old  ring  (no 
bellow  deeves)  we  find  a  threshold  of  1.1  x  10^°;  repeating 


it  for  a  waksfidd  that  represents  only  the  rf  cavities  (the 
best  impedance  we  can  imagine)  we  obtain  a  capacitive 
wak^dd  and  threshold  of  14  x  10^”. 

Modes  of  luAahUity 

Taking  a  Fourier  transform  (FT)  of  one  of  the  mo¬ 
menta  we  ted  that,  beginning  at  W  =  2  x  lO^**,  resonances 
appear  with  frequencies  above  2.4i/,.  Taking  the  FT(s,) 
at  3.5  X  10^**,  with  s«  the  skew  in  z  (see  Fig.  3a),  we  ted 
a  vary  clean  signd  with  only  one,  very  narrow  peak  (see 
Fig.  4a).  The  full  width,  1.5%,  is  given  by  the  limited 
length  ot  the  run  and  not  by  any  more  fundamentd  limit. 
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Fig.  3.  The  tum-by-tum  skew  when  N  =  Z.5  x 
lOr®  (a),  and  the  rms  when  N  =  5.0  x  10^°  (b). 
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Fig.  4.  The  absolute  value  of  the  Fourier  trans¬ 
form  of  the  skew  signal  for  two  currents. 

At  some  currents,  like  5.0  x  10*°,  we  ted  a  fairly  reg¬ 
ular  overshoot  pattern  in  the  moments  as  function  of  time 
(see  Fig.  3b).  fo  this  example  the  bunch  length  varies  by 
5%  over  a  cyde:  the  lengthening  time  is  about  1.5/i/«o,  the 
shortening  time  is  maybe  twice  as  long.  In  the  FT  we  see 
an  extra  peak  at  22  kHz  and  sidebands  around  the  insta¬ 
bility.  At  N  =  3.0  X  10*°  the  pattern  of  the  bunch  length 
is  more  irregular. 

Fig.  5  gives  two  snapshots  of  the  unstable  mode  when 
N  =  3.5  X  10*°.  We  see  that  the  maximum  amplitude  of 
the  mode  is  about  10%  and  the  wavelength  about  1.2  cm. 
We  obtain  a  3-dimensional  mode  plot  by  averaging  the  dis¬ 
tributions  at  a  fixed  phase  in  the  oscillation  and  subtract¬ 
ing  from  this  the  average  over  all  phases  (see  Fig.  6).  We 
see  that  the  mode  is  a  mixture  of  dipole,  quadrupole,  and 
sextupole  components.  By  5x  10*°  an  octupole  component 
can  also  be  seen. 
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Fig.  8.  The  sh^M  the  unstaUe  mode  from  two 
viewB  at  TV  =  3.5  X  lO^o. 


Hie  pontkHia  of  the  major  peaks  in  the  qiectrum  of 
the  skew  signal  for  diffierait  cnrrents  is  shown  in  Fig.  7. 
The  diamonds  diow  the  cases  with  <me  narrow  spike  in  the 
spectrum  of  s*,  the  rrosses  those  with  mm*-  c<»nplicated 
qiectra.  We  see  that  the  frequency  of  th*r  um^abie  mode 
increases  with  AT;  the  dashed  line  has  a  0.27/10^*'. 


Fig.  7.  The  positicHis  the  nugor  peaks  in  the 
Fourier  transfcnm  of  the  A«w  rignal  tw  AT. 


A  Viator  Equation  Caladatkm 

K.  Oide  and  K.  Yokoya  have  written  a  cmnputn  pro¬ 
gram  to  scdve  the  time  independmt,  linearised  Vlasov 
Equation  including  the  eflects  of  potential  well  distor- 
tioQ.[14]  Using  the  wakeiidd  of  fig.  1  we  take  6  asimuthal 
space  harmonies  and  50  mesh  points  in  amplitude  to  rep- 
lesoit  phase  space.  We  find  that,  due  to  the  potential 
well  disUtftion,  already  by  1  x  10^**  the  large  gaps  in  mode 
frequencies  have  dingipeated.  The  first  uns^le  mode  is 
found  at  1.9  x  10***  with  a  frequency  of  2.5i/«o  (see  Fig.  8). 


MS  920 

Fig.  8.  A  contour  plot  of  the  unstable  mode, 
obtained  by  serving  the  Vlasov  Equation. 

COMPAUSON  WITH  MBASVIIBMENTS[1,4] 

The  agreement  with  measurements  of  the  average 
bunch  shapes  is  very  good.  The  calculated  threshold  cur¬ 
rents  are  about  30%  lower  than  the  measurements,  which 
ate  3.0  X 10^**  in  the  curroit  ring,  1.5  x  10^°  in  the  old  ring. 
A  mode  (sometimes  call  the  "seztupole”  mode)  has  been 
measured  dbove  threshold.  At  3  x  10*°  it  has  a  frequency 
2.5»’(o;  nt  higher  currents  the  frequency  increases  at  about 
0.08/10*°,  a  much  lower  slope  than  calculated  here. 
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Abatnet 

A  tey  problem  in  naxt*8ancratiaa  Unaar  colfider  de¬ 
signs  utilisL^  multibundling  is  the  coatrd  of  mnhibuiidi 
beam  break-up.  One  method  of  controlling  the  break-np 
is  detuning,  i.e.,  saiiring  the  frequency  of  the  transrerae 
detecting  modes  bgr  varying  the  cdl  dimensioaa  within 
the  accelerating  structures.  In  this  case,  the  beam  break¬ 
up  is  sensitive  to  the  resonances  between  the  bunch  fre¬ 
quency  and  some  of  the  d^ecting  mode  freqnendes.  It  is 
also  sensitive  to  errors  in  the  &brication  and  alignment 
of  the  accelerating  structures.  We  examine  these  effects 
in  the  context  of  the  SLAC  NLC  design. 

INTKODUCTION 

In  the  present  SLAC  design  for  a  Next-generation 
linear  Colnder  (NLC),  it  is  fdi^ed  that  a  l&  'na  train 
of  bundles  will  be  acoderated  on  each  RF  pulse.  In  or¬ 
der  to  oontrd  multibundi  beam  bmak-up,  we  must  en¬ 
sure  that  the  transverse  wake  is  kqit  stAdently  small 
over  the  length  at  the  bunch  train.  We  plan  to  vary 
the  structure  dimeusions  so  that  the  frequencies  of  the 
lowest-passband  synchronous  modes  iqipraiximatdy  fol¬ 
low  a  truncated  Gausnan  distributicm  in  each  structure. 
This  “detuning  of  the  freqnendes  provides  a  strong  ini¬ 
tial  roll-off  of  the  wake  before  the  first  bundi  spadng 
is  readied.  In  addition,  to  maintain  suffident  suppres¬ 
sion  of  the  hmger-range  wake,  we  plan  to  interieave  these 
detuned  freqnendes  over  about  four  different  stmctnre 
types.  This  provides  a  smoother  and  denser  distribution 
of  frecraendes  than  is  obtained  with  just  one  structure 
type.  However,  the  success  of  the  method  requires  that 
<hpole-mode  fr^uency  errors  and  misalignments  of  the 
structures  be  kept  suffidently  small;  this  is  the  focus  of 
the  present  p^per. 

Detuning  stkategy  and  parameters 

Iirtuitive  understanding  of  the  effects  of  detuning  is 
most  easfiy  obtained  by  viewing  the  structure  as  conn^ 
ing  of  a  collection  of  nnconplea  oedllators.  A  more  cor¬ 
rect  treatment  indudes  the  effects  of  the  small  conplinpr 
between  the  oscillators;  the  simplest  way  to  do  this  is  via 
equivalent-drcnit  models.  In  thu  paper  we  use  a  “double- 
band”  equivalent-drcnit  model  Fit,  that  takes  account  of 
the  mudng  of  the  TMut  and  T^m  modes  to  produce 
a  TAfii-like  dipde  mode,  whkii  is  the  most  important 
mode  for  multibundi  beam  break-up. 

In  the  NLC  structure  de8im(2]  we  have  the  free¬ 
dom  to  shi4>e  the  distribution  ofthe  dominant  Tilfu-Uke 
dipole  mode  frequency  /#  between  its  two  end-cell  i^ues, 
while  keei»ng  the  fre^enqr  fr/  of  the  accelerating  mode 
fixed.  Let  the  fuU-sptead  be  A/ioi,  centoed  on  fre^ency 
/•,  and  ne^ect  the  ceU-to-cdl  confding  for  the  moment. 

a  truncated  Ganssian  distribution  with  standard  de¬ 
viation  9f,  the  spacing  between  adjacent  components  is; 
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Here  n,  s  is  the  full  wkith  at  the  truncated  dis¬ 
tribution  in  units  of  a/,  N  is  the  namb«  d  cells  in  a 
structure,  and  erf(s)  >  ^  e'*  du  is  the  usual  error 

function.  The  fractiraal  spacing  in  the  central  core  of 
the  (Ustribntion  is  iqiproadmatdy 


i^erf 


N-lh 


n. 


(2) 


Indnding  coupling  via  the  equivalent  circuit  modd  mod¬ 
ifies  the  distribution,  in  particular,  the  core  qiacing  is 
increased  somewhat  and  the  tails  of  the  distribution  ex¬ 
tend  further  out.  For  our  parameters,  the  core  frequency 
spacing  in  the  uncoupled  model  is  F//jf  «  3  x  10~^;  for 
the  couided  donble-baad  modd,  6f]f  is  increased  by  a 
foctor  of  about  1.4. 

Tb  obtain  the  overall  frequency  distribution  for  n 
structures  with  interieaving,  we  use  the  distribution  as 
pven  by  Eqn.  (1),  but  we  increase  JV a  factor  n.  For 
n  =  4,  the  lowest  freipiency  would  be  asngned  to  struc¬ 
ture  type  1,  next  lowest  to  type  2,  next  to  type  3,  next 
to  type  4,  next  to  type  1,  and  so  on,  cycling  repeatedly 
throt^  the  structure  types.  The  Unac  is  built  by  cy- 
ding  through  the  n  structure  types  (w  ham  generally 
used  the  pattern  13  2  413  2  4..^.  We  have  done  simn- 
lations  using  “smooth  focusing”  in  which  there  is  a  focus¬ 
ing  dement  between  eadi  1.8  meter  stmctnre.  We  have 
also  used  a  more  realistic  FODO-type  lattice,  in  whidi 
the  number  of  structures  between  quads  increases  with 
energy,  while  maintaining  an  approximate  depen¬ 
dence  of  the  average  beta  function  and  reasonaUe  mag¬ 
netic  fidd  strengths.  In  dther  case,  the  initial  value  ^ 
the  average  betatron  fonction  in  the  NLC  main  linac 
will  be  around  6  meters,  and  will  increase  ^proximatdy 
as  the  square  root  of  the  energy  foing  along  the  linac. 
Thus,  the  betatron  wavdength  2xp  is  nSuch  greater  than 
the  stmctnre  length  everywhere  in  the  linac.  ibr  n  =  4 
interieaved  stmcture  types,  the  effect  is  mndh  the  same 
as  if  the  wake  function  W{z)  were  an  average  of  the  wake 
function  over  the  n  stmcture  types. 

The  NLC  stractures  will  have  an  accderating  fre¬ 
quency  of  11.4  GHz  (X-band),  with  irises  and  inner  cdl 
radii  tapered  to  produce  a  truncated  Gaussian  before 
coupling  is  induded.  Parameters  of  this  Ganssiaa  are 
fff  =  2.5%  and  n,  =  4.  The  Q’s  of  all  the  coupled 
modes  were  taken  to  be  6500  (the  variation  in  Q  cdcu- 
lated  for  the  coupled  modes  was  small,  and  for  simplic¬ 
ity  we  neglected  it).  The  envdope  of  the  dn^e-partide 
vnke  function  averaged  over  a  dn|^  stmctnre  is  shown 
in  Fig.  1(a).  The  envdope  averaged  over  four  stmctnre 
types  with  interleaved  frequency  distributions  is  shown 
in  Fig.  1(b);  one  sees  that  there  is  substantial  additional 
suppression  of  the  longer  ran^e  wake.  This  is  necessary 
for  the  125  ns  bunch  train  design  now  bdng  proposed  for 
NLC  (note  that  the  range  shown  for  z  is  approximately 
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the  len^  of  the  train).  Other  paranictcrs  are:  bundi 
chanse  N  m  Q.SS  x  10'*,  bunch  spacing  s  16Ar/  «  42  cm,  e  « 
teitial  Knac  enern  IS  GeV,  final  linpc  en«gy  s  250  GeV, 

Uaac  length  >=  o  km,  initial  /9  w  6  m  (and  sealing  as 
The  energy  q>read  is  assumed  to  ^  zero  in  these 
simnintioos.  o 

0.0 
-2.5 
-5.0 


0  25  50  75  0  25  50  75  100 

>b  >b 

Figure  2.  l^ansscne  olbet  of  bunches  at  end  of  linac  (no 
enots),  in  units  of  initial  anifbcmoflhets*  of  train,  as  fanc- 
tion  of  bunch  anmbcr  u,  (a)  for  sin^  section  tn>e,  (b)  for 
four  section  ^rpes. 

Frequency  errors 

We  examined  the  effects  of  small  random  variations 
in  the  frequencies,  due,  for  example,  to  fabrication  tx- 
rors.  There  are  two  extreme  cases.  The  first  is  that  in 
whidt  the  error  on  each  frcqnency  in  the  design  distri¬ 
bution  is  the  same  in  all  sections  of  a  ipvnn  type  (but 
random  from  ceD  to  ceD).  This  case,  whta  we  shall  rder 
to  as  “systematic*  errors  generally  leads  to  an  increase 
of  the  longer  range  wake  fidd.  The  second  case,  whidi 
we  denote  “random*  is  that  in  which  the  errors  axe  inde¬ 
pendent  for  cadi  section  and  eadi  frequency;  in  this  case 
there  is  some  averaging  of  the  errors  over  many  sections. 

The  emedtedrmsnze  of  the  random  frequency  errors 
due  tomaidlining  precision  is  nc,rMt  =  (fractional 

mor,  Le.  j///s)  This  is  comparable  to  tM  spacing 
in  the  core  of  tlw  fonr-interieaved-section  frequency  dis- 
tributira,  vdudi  is  one  reason  why  it  is  not  advantageous 
to  have  more  than  about  four  section  Qrpes.  We  hope  to 
keep  the  systematic  component  v,,,,,  smaller  than  this; 
for  illustration,  we  lode  at  the  cases  (rc,ay«  =  3xl0~*  and 
=  1  N  10~*.  Fig.  3  shows  histograms  of  the  frac¬ 
tional  emittance  increase  of  the  multibundi  beam  com¬ 
pared  to  that  of  a  tingle  bnndi  (using  four  structure 
types),  assuming  an  initial  oflbet  of  the  beam  equal  to 
the  bundi  tize,  for  fifteen  different  distributions  of  sys¬ 
tematic  errors  generated  at  eadi  value  of  o’e,«yj.  If  we 
also  indude  random  errors  uncorrelated  from  section  to 
section,  having  a,,rmm  =  1  x  10"*,  there  is  little  addi¬ 
tional  effect  on  the  projected  emittance. 

Resonances 

Fig.  4  shows  the  maximum  transverse  ofiset  of  the 
bundles,  for  the  pmnt  having  the  largest  anittance 
growth  in  Fig.  3.  The  sharp  onset  of  transverse  growth 
at  some  point  in  the  train  is  typical  of  cases  with  large 
growth  and  is  due  to  the  fact  that  the  wake  function  at 
a  number  of  successive  bunches  has  the  same  tign.  This 
can  happen  when  frequehdes  in  the  detuned  distribution 
are  dose  to  a  “resonance”  with  the  bundi  frequency. 

The  21st  and  22nd  harmonic  of  the  bunch  frequency 
lie  within  the  range  of  detuned  frequendes  and  have  tig- 
nificant  kick  factors,  according  to  the  double-band  modd. 
The  resonances  themselves  are  not  so  much  a  problem 
as  are  nonuniformities  in  the  frequency  distribution  of 


Itguiel.  Envdope  of  the  tingfo-partide  wake  function  W{x) 
(a)  for  sin^  structure  type,  (b)  for  four  structure  types 
with  interlmved  frequency  dktributions. 


Injection  jitter 

We  be|^  Iqr  examining  the  case  of  a  “perfect”  linac 
(no  frequiai<7  errors  or  misalignments),  with  a  uniform 
initial  offrat  of  the  beam.  The  transverse  offset  of  the 
bundles  at  the  end  of  the  linac  (in  units  of  the  initial  off¬ 
set,  and  normalized  by  factoring  out  the  adiabatic  damp¬ 
ing  due  to  acederation)  is  shown  for  a  single  section  type 
in  Fig.  2(a)  and  fi»  four  section  typa  with  interleaved 
frequency  mstributionsin  Fig.  2(b).  ^e  advantage  of  us¬ 
ing  the  four  interleaved  section  tjrpes  is  mainly  the  strong 
suppression  of  the  blow-up  from  injection  ptter,  as  seen 
in  this  figure.  Fbr  the  case  of  a  sin^  section  tjrpe,  keep¬ 
ing  the  projected  emittaaoe  growth  of  the  mdtibun^ 
bram  bdow,  say,  25%  would  require  keeping  the  iqjec- 
tion  offset  to  lem  than  30%  of  the  beam  size.  Note  that 
it  is  only  in  the  later  part  of  the  train  that  additional 
suppression  is  needed  (cf.  Fig.  1).  Fbr  the  case  of  four 
section  types,  the  emittance  growth  will  be  only  a  few 
percent  even  with  an  injection  offset  comparable  to  the 
beam  size. 
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fignn  3.  HktofHMa  qf  feirtioi^il  iwriHanra  iacf (w^.t. 
aeoelarater  aidb)  of  BMltilMDcii  lii— i  compMed  to  oout- 
taace  ci  of  o  aa^  boadi.  Cor  iftoao  diffamt  qvtamatic 
cRor  dutribotioai,  («)  at  =  3  x  10~*,  and  (b)  at 
9,.n*  =  1  X  10~*- 


Figoie  4.  Maxnmua  tranavcne  oAet  x/xq  as  a  faaction  of 
bondi  number  u,  for  tbe  ss  1  x  10~*  distribatioa  with 

largest  emittaaoe  growth  in  Hg.  3. 

modes  in  thdr  vidnity.  Note  that  the  resonant  wakes 
are  90"  out  of  phase  with  the  bunches.  Even  with  no 
frequency  errors,  a  non-syminetric  location  of  the  reso¬ 
nant  peak  relative  to  ndghboting  modes  can  lead  to  a 
net  w^e  fnnctkm  sum  at  a  pven  bunch.  This  is  espe¬ 
cially  true  near  the  end  of  the  train,  where  the  resonant 
width  starts  to  become  comparaMe  to  the  mode  spacing. 
Nonuniformities,  such  as  those  for  frequency  errors,  can 
lead  to  a  net  resonant  wake  sum,  whidi  is  potentially 
much  larger  than  that  for  a  uniform,  symmetric  distribu¬ 
tion. 

Misalignments 

We  have  also  examined  the  effects  of  misalignments 
of  the  acceleration  structures.  As  a  ample  model,  we 
assume  eadi  misafigned  {deoe  of  structure  contains 
cells,  fwhere  im  may  vary  frmn  1  to  the  number  cff  cells 
in  a  wliole  structur^,  the  misalignment  witlun  each  such 
piece  is  uniform,  and  the  misalignments  are  random  with 
rms  size  Om-  Fig.  5  shows  the  tolerance  <35%  on  Om  to 
produce  a  23%  emittancc  blow-up  as  a  function  of  im. 


assuming  four  interleaved  structure  types.  Here  we  have 
aasunved  a  FODO-type  lattice,  with  beam  sine  in  the  ini¬ 
tial  facttring  quad  equal  to  3.6  laa  (coaaparable  results 
are  obtained  usin^  smooth  focusing).  The  wake  ktcfcs  are 
rakulated  aasumuig  that  the  moM  themsdves  are  not 
ggnitcantiy  distort  by  the  presence  of  the  mkahgn- 
ments. 


Figure  5.  Iblenaoe  (in  pm)  of  nas  misaWgainenta  for  25% 
emittaaoe  ipowth  (w.r.t.  beam  ceatooid)  of  the  aadtibunch 
beam  as  a  foactioa  of  nambor  of  odb  im  per  uaifasad|jr  mis- 
d%aed  pseoe  of  stmctare.  174  differeat  zaadoupi  cKMifou- 
iioas  went  calculated  at  eadi  value  of  im-  The  esroc  bass 
show  the  caw  00  each  ride  of  the  mean  (•).  The  (s  )  aad 
(a)  riMw  the  10%,  aad  5%  points  renpedivriy. 

We  see  that  the  tcderancx  is  laidy  insensitive  to  ta,, 
althon^  H  is  ti^test  when  t«,  is  around  20.  The  foos- 
est  tolerance  is  for  misalignment  of  entire  structures, 
once  the  coherence  of  the  detuned  frequency  disttibntion 
withiaasecrtionispreservecL  The  tolerance  for  smoother 
misalignment  distributions  is  less  tight  than  the  above 
case  of  random  nniformly-oflhet  ineces  of  stmertnres. 

CONCLUSICmS 

Uong  four  struertnre  types  with  interleaved  frequen- 
des,  the  jitter  tcderance  is  greater  than  the  beam  rize, 
to  keep  the  emittance  growth  to  a  few  percxnt.  The  tol¬ 
erance  on  frequency  errors  that  are  the  same  for  all  sec¬ 
tions  is  a  few  parts  in  10^  to  keep  the  enuttance  growth 
to  a  few  percent.  For  frequency  errors  that  are  nneorre- 
lated  in  clifferent  sections,  the  tolerance  is  looser  than  the 
expected  machining  precinon  of  a  part  in  10*.  For  mis- 
ali^ments,  the  tolerance  to  keep  the  emittance  growth 
below  25%  with  95%  confidence  ranges  from  5  to  10  pm 
depending  upon  the  correlation  length.  It  is  probably 
possible  to  loosen  the  alignment  tcderanc»s  using  ^pro- 
priate  trajectory  correction  algorithms;  this  will  ^  asub- 
ject  of  future  wmk. 

We  thank  the  other  members  of  the  NLC  striKtures 
group  at  SLAC  for  useful  discussioiu  and  comments. 
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A  perturbatkm  technique  is  developed  that  can  be  iq>- 
plied  to  study  the  collective  instability  problem  when  the 
unperturbed  system  is  not  described  by  a  simple  harmonic 
oscillator.  The  longitudinal  head-tail  instability  effect  is 
well  studied  as  applications  of  this  technique.  Applica¬ 
tions  at  the  longitudinal  head-tail  instability  effects  to  the 
CERN  SPS  and  the  SSC  are  included. 

1.  INTRODUCTION 

The  ideal  motion  of  a  single  particle  in  a  circular  accel¬ 
erator  is  that  of  a  simple  harmonic  oscillator.  The  con- 
voational  theory  of  collective  instabilities  is  developed  by 
imposing  the  perturbatiim  of  collective  wake  forces  on  the 
simple  harmonic  system. 

However,  when  the  new  collective  longitudinal  insta¬ 
bility  was  obstfved  in  the  CERN  SPS[1],  the  analyses 
suggested  the  "lon^tudinal  chromaticity”  playing  a  role. 
Drawing  analogy  to  the  transverse  case  where  the  betar 
tron  chromaticity  causes  the  head-taU  instability,  this  new 
instability  was  named  longitudinal  head-tail  (LET)  insta- 
bHity.  The  theoretical  existence  of  the  LHT  instability  was 
ptwted  out  by  Haeward[2];  it  results  from  the  non-simple- 
iiarmonic  nature  of  the  system  whm  the  longitudinal  chro¬ 
maticity  effect  is  omsidered.  To  study  the  LHT  instability, 
the  conventional  theory  does  not  suffice  because  it  treats 
only  the  nmple-harmonk  case. 

In  this  paper  we  develop  a  new  formalism  that  extends 
the  conventicHial  approach  to  the  non-simple-harmonic 
Hamiltonian  system.  The  LHT  instability  is  studied  as 
an  application  to  dmonstrate  the  technique.  By  using 
the  water-bag  particle  distribution  model,  it  is  possible  to 
solve  the  problem  exactly  and  obtain  the  growth  rates  for 
the  various  collective  modes  (the  dipole,  quadrupole,  sex- 
tupole  modes,  etc).  Although  not  discussed  below,  the 
potential-well  distortion,  as  well  as  its  effects  on  collective 
instabilities,  can  also  be  studied  with  this  technique. 


quite  similar.  They  are  caused  by  a  dependence  of  the  ac¬ 
cumulated  betatron  or  syndirotron  phase  on  the  longitu¬ 
dinal  position  of  the  particle,  coupled  with  a  perturbation 
due  to  the  collective  wake  forces. 

However,  the  situation  is  more  subtle  in  the  longitudinal 
case  once  longitudinal  position  z  and  S  are  the  dynamic 
variables  which  describe  the  particle  motion.  The  analysis 
of  this  problem  is  therefore  more  involved. 

Consider  a  circular  accelerator  whose  slippage  factor  tj 
contains  a  higher  order  term  in  S,  i.e.,  q  =  qo(l  +  f 
where  tfo  is  the  leading  contribution  of  the  momentum  slip¬ 
page  factor,  and  <  is  a  parameter  that  specifies  the  strength 
of  the  higher  order  contribution.  The  unperturbed  equar 
tions  of  motion  of  a  single  particle  are  given  by 


dz 

d» 


+ 1<«) 


dS  uj 
’  d$  ~  i/oc^ 


(1) 


where  s  is  the  longitudinal  coordinate  along  the  accdiera- 
tor  circumference,  and  w,  is  the  unperturbed  sjmchrotron 
oscillation  frequency  for  small  amplitudes. 

The  coefficient  e  describes  the  deviation  &om  the  simple 
harmonicity  of  the  system.  We  consider  small  e  so  that 
|c5|  <  I.  The  motion  of  single  particle  in  the  z~6  space 
follows  a  constant  Hamiltonian  contour.  One  such  contour 
is  shown  in  Fig.  1. 


FIG.  1.  The  phase  space  trajectory  due  to  the  non-simple- 
harmonic  Hamiltonian.  The  case  shown  is  for  e  >  0. 


II.  MECHANISM  OF  THE  LONGITUDINAL 
HEAD-TAIL  INSTABILITY 

The  LHT  instability,  like  its  well-known  transverse  coun¬ 
terpart,  the  transverse  head-tail  instability,  is  a  single 
bunch  effect.  Tlie  mechanisms  of  these  instabilities  are 

*Op«rated  by  tbe  Uiiiv«niti«s  Reaearcb  Awociatioii,  Inc.,  for 
the  U.S.  Department  of  Energy  under  Contract  No.  DEi-AC3S- 
89ER40486. 


The  main  effect  of  a  non-vanishing  c  is  that  it  has  in¬ 
troduced  an  asymmetry  between  the  upper  and  the  lower 
halves  of  the  phase  plane.  As  the  beam  bunch  executes  its 
dipole  oscillation  in  this  deformed  phase  space,  the  shape 
of  the  phase  space  area  occupied  by  the  bunch  varies,  al¬ 
though  its  area  is  conserved.  The  bunch  shape  at  two 
instances  (marked  by  and  — )  are  shown  as  shaded  ar¬ 
eas  in  Fig.l.  In  particular,  the  bunch  lengths  and  z_ 
at  the  two  instances  are  related  by  the  Liouville  theorem 
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•ceording  to 

*=.  _  -  d!ziL±iifzl  i-<^o  i+<^- 

*+  Ifj^l  ^+(1  +  I  <^+)  1  +  <^0  1  +  ei+  ’ 

(2) 

whore  So  =  y/iffo/Mi  *nd  S±  «  ±jo  —  §<^0  the  values 
of  j  at  the  +  and  —  locations.  We  conclude  frcun  Eq.(2) 
that,  to  fifst  order  in  |c^},  the  bunch  length  is  modulated 
according  to 

i  a  1  +  e  j  (3) 

as  the  bunch  executes  the  dipole  oscillation  in  the  phase 
space.  Next  we  introduce  the  effect  of  the  collective  w^e 
fields.  Since  the  energy  loss  of  the  beam  bunch  depends  on 
the  bunch  length,  the  bunch  energy  loss  is  also  modulated 
by  the  same  factor  of  Eq.(3).  Adding  the  energy  loss  term 
to  Eq.(l), 

dS  Uf  z  dAe  ... 

ds^  dz 

where  N  is  number  of  particles  per  bunch,  E  is  the  particle 
energy,  C  is  machine  circumference,  and  Ac  is  the  bunch 
energy  loss  per  turn(in  our  convention,  Ac  <  0).  we  have 
kept  only  its  leading  contribution  to  first  order  in  S. 

The  new  equations  of  motion  represent  a  system  with- 
growth  (or  damping  if  negative)  rate: 

_i  ci  dAc  ... 

’’  ~^2NECdz' 

The  Eq.(5)  was  first  obtained  in  Ref.[l]. 

111.  PERTURBATION  APPROACH 

From  the  previous  section  we  knew  that  to  study 
the  LHT  instability,  we  will  have  to  consider  an  un¬ 
perturbed  system  which  is  described  by  a  non-simple- 
harmonic  Hamiltonian.  For  such  a  system,  the  conven¬ 
tional  method  of  using  polar  coordinates(the  action-angel 
variables)  no  longer  applies.  The  technique  we  develop  in 
this  paper  is  to  introduce  a  new  pair  of  dynamical  variables: 
the  Hamiltonian  H  itself  and  uiother  variable  Q  which  as¬ 
sumes  the  role  of  the  time  variable.  The  advantage  of  using 
the  new  variables  is  we  only  need  to  deal  with  one  compli¬ 
cated  variable  Q.  This  point  will  become  clear  in  the  later 
derivation.  Having  introduced  the  new  dynamical  vari¬ 
ables,  the  procedure  we  use  to  solve  the  Vlasov  equation 
then  follows  basically  the  conventional  treatment. 

We  start  with  a  general  situation  when  the  accelerator 
is  described  by  a  Hamiltonian  H{q,p\  s).  The  beam  distri¬ 
bution  is  given  by 

«)  =  V’o(^o)  +  V’i(«.p)e"‘"*^'-  (6) 

The  unperturbed  system,  i>o  must  be  a  fimction  of  unper¬ 
turbed  Ho  —  ^P*(l  +  /(p)]  +  alone. 


where  the  fimcticm  /(p)  represents  a  small  deviation  cd 
the  system  from  simple  harmonicity,  particularly  for  the 
system  described  by  Eq.(l)  for  which  /(p)  = 

Vi  is  the  retarding  wake  voltage  per  turn  induced  by  V*!  end 
is  related  to  the  longitudinal  impedance  according 

to 

=  du>zS(u>)e^*/‘  p  dq'e-^*'/^  dp 

(8) 

Here  the  potential-well  distortion  effect,  which  is  not  of 
interest  in  the  present  study,  has  been  ignored.  In  writing 
down  Eq.(8),  we  have  also  ignored  multi-turn  wake  effects. 

We  now  introduce  new  canonical  variables  {Q,Ho), 
where 


r 

=-/ 


dq(Ho,i/) 
dHo  ^ ' 


The  advantage  of  using  Ho  as  dynamical  variable  lies  in 
the  fact  that  V’o  depends  on  Ho  only. 

Notice  the  period  of  the  motion  of  a  particle  is  4  = 
/  ^dp*.  This  period  depends  on  the  value  of  Ho  for 

the  particle  under  consideration. 

Considering  is  a  small  quantity,  we  use  the  new  vari¬ 
ables  to  obtain  the  linearized  Vlasov  equation  by  keeping 
the  first  order  terms  in  V*!) 

.n  ,  ,  dilfi  ,  ,  ^Ho  dHo  rt 

To  solve  the  Vlasov  equation,  we  first  Fourier  expand  V*! 
as 

=  f;  (11) 

oo 

where  the  /  =  0  term  in  the  sununation  is  to  be  excluded 
because  it  violates  the  total  charge  conservation  for  a  given 
Ho-  The  Fourier  expansion  is  possible  because  the  motion 
is  periodic  in  Q  with  period  4. 

For  the  /-th  mode  (for  example,  /  =  1  corresponds  to  the 
dipole  mode). 


is  described  by  a  Hamiltonian /f(g, p;  s).  The  beam  distri-  qu  r  -(q  jf 'vl 

bution  is  given  by  x  y  QHo  ^  ****  L  ^ 

tfr(g.p; «)  =  i>o(Ho)  +  V’i(g.p)e"‘"*^'-  (6)  “ 

oo  *(h;) 

The  unperturbed  system,  V’o  must  be  a  fimction  of  unper-  f  f  \  g(Q',ffo)l 

t«,b«l  H.  =  Ip'll  +  /(p))  +  g,'  Jo™.  j 

— OO  0 
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For  a  gmeral  equililmiim  distribution  ^  (Gaussian,  for 
example),  the  analysis  to  aohe  £<1.(12)  is  involved.  Pur¬ 
suing  along  this  Um  would  yield  the  ra<iial  modes  of  the 
collective  osciUati<m.  For  one  simple  beam  distribution, 
the  watw-bag  noodel,  however,  the  radial  modes  degener¬ 
ate  and  the  e<iuati(m  can  be  soiv^  analytically.  In  the 
following,  we  will  assume  that  the  unperturbed  beam  has 
a  water-bag  distribution 

MHo)  =  - e{H  -  Ho),  (13) 

f*{Ho)dHo 

0 

whoe  6  is  the.step  function.  H  =  UfP/6e*. 

Since  any  perturbation  of  a  water-bag  distribution  has 
to  occur  around  the  e<lge  of  the  bag,  we  have 

R,{Ho)  «  <(ffo  -  H).  (14) 


wh«e 


00 


— eo 


2c' 


2c' 


(19) 

A  is  purely  imaginary  and  B  is  real.  If  e  =  0,  only  the 
A  coefficient  plays  a  role;  the  result  describes  the  solution 
of  the  conventional  longitudinal  instability  problem.  In 
particular,  the  fact  that  A  is  purely  imaginary  means  the 
mode  frequency  0  is  real,  and  the  beam  is  always  stable. 
This  u  a  well-known  result{5][6]  when  mode  coupling  and 
multi-turn  effects  are  ignor^,  as  is  presently  assumed.  If 
e  ^  0,  the  B  term  also  contributes  to  the  mode  frequency 
O.  This  contribution,  being  imaginary,  is  the  cause  of  the 
LHT  instability.  The  instability  growth  rate  is 


After  adopting  the  water-bag  model,  Eq.(12)  can  be  sim¬ 
plified.  Also,  the  coupling  among  the  different  modes  with 
/  are  neglected.  The  validity  of  this  approximation  as¬ 
sume  the  mode  frequency  shifts  are  small  compared  with 
2irc/4  w,. 

We  further  define  an  angular  variab's  $  according  to 

q  =  •^y/2Hocoa$,  p./l — —p=:  \/2tfosin9.  (15) 
w,  y  Vo 

In  terms  of  the  new  variable  9,  Eq.(12)  can  be  written 

as 


rfpNe^e^ 


<G>  2k^ECu, 


2w 

:  J  d0si 


sin9exp 


fG(0")de'> 

cos  9  4-1/5 - - - 

2c  <G> 


3* 

yd9'G(9')exp 


»' 

fG(0")d9" 

.UZ  ^  .,0 

-I--—  cosr  —  « - — - 

2c  <G> 


where 


1  ./l  -  S-p 


=  0. 

(16) 

(17) 


4JVeV 
‘  wECz 


j^ReZh^x) 

X* 


[x  J,(x)  J,+1  (x)+ ( 1  -/)  J,*(x)] . 


(20) 

For  the  case  /  =  1,  we  can  recover  the  result  given  by 
the  simple  physical  picture.  Eq.(5)  applies  to  dipole  mode 
only,  while  Eq.(20)  is  valid  for  arbitrary  / 

For  the  CERN  SPS  collider,  we  estimate  that[7]  the 
growth  time  r  is  5.4  s  for  the  diffraction  broad  band 
impedance  model.  The  observed  growth  rate  is  5  ~  6 
s{lj.  For  SSCL  machines,  LEB,  MEB,  HEB  and  collider, 
the  growth  time  are  found  to  be  7.0  x  10^  s,  3.4  x  10^  s,  32 
s  and  1.2  s,  respectively. 

The  LHT  instabilities  tend  to  play  a  more  importsmt  role 
in  the  lower  energy  accelerators,  particularly  those  oper¬ 
ated  close  to  transition.  In  all  cases  studied,  however,  the 
LHT  instability  does  not  constitute  a  serious  limit  on  beam 
intensities. 
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the  Vlasov  equation[5] 


The  effiact  of  the  localised  longitudinal  impedance  is  in> 
vestigated  hy  mung  the  Vlasov  equation  approach.  Hie 
motivaticm  is  trying  to  explain  the  observed  disoqtancy 
between  the  analytical  study  and  numerical  simulatuxi  cm 
the  bunch  lengthening  phenomenon.  The  v,  =  m/2/  res¬ 
onances  are  found  to  play  a  noticeable  role.  As  another 
a|q»lication  of  this  treatment,  synchro-betatron  resonances 
are  also  recovered. 

I.  INTRODUCTION 

The  discrepancy  of  the  analytical  throries  (the  p«tur- 
bation  techniques,  in  particular)  and  i^e  ccnnputer  sim- 
ulaticm  on  transverse  oohoent  instal^ty  has  been  no¬ 
ticed  and  was  successfully  explained  by  considering  the 
coherent  synchro-betatron  resonances  due  to  the  local¬ 
ised  impedance{l][2][3].  When  the  combination  at  beta¬ 
tron  tune  Vff  and  sync^tron  tune  i/,  is  close  to  integer  or 
half-integer,  t.e.  vp  ±  tv,  ta  m/2,  the  predictions  on  the 
mode  coupling  by  two  approaches  are  different.  The  reason 
behind  this  is  that  the  r^ular  Vlasov  technique  treats  the 
impedance  as  a  distributed  one,  the  wake  “force”  acts  on 
beam  all  along  the  orbit,  but  a  typical  computer  simula¬ 
tion  treats  the  impedance  as  a  localised  one,  the  wake  force 
just  kicks  the  beam  once  a  turn  at  the  particular  location. 

The  same  argumoits  may  be  applied  to  the  longitu¬ 
dinal  case  in  the  study  of  the  bunch  lengthening  phe¬ 
nomenon.  One  possibility  to  explain  the  discrepancy  be- 
twem  the  mode  analym  and  tracking  is  tracking  uses  local¬ 
ised  impedance.  In  this  p^ier,  we  investigate  the  l<mgitu- 
dinal  ccAer^t  resonance  effect  due  to  the  longitudinal  lo¬ 
calised  impedance  by  using  a  matrix  technique[4].  For  one 
simple  particle  distribution  mode,  the  water-bag  model, 
the  resonance  stopbands  widths  are  calculated'.  The  re¬ 
sults  are  what  one  would  expect  ff(»n  the  pure  analysis 
side.  The  further  studies  on  the  tracking  side  is  necessary, 
but  are  not  included  in  this  paqier.  Also,  we  extend  our 
studies  to  the  transverse  case  whore  the  synchro-betatron 
resonances  ase  re-<4>tained  by  our  approach. 


da e  8^ 


(1) 


where  ^(r,  d:  •)  is  beam  distributimi  in  phase  qiace  which 
consists  of  a  pair  of  dynamical  variables  z  and  6.  The 
action-angle  variables  (r,d)  are  related  to  (z,S)  throu^ 
z  =  rcoe^,  ^6  =  rsind;  C  is  the  circumfooice  of  the 
ring,  is  the  beam  energy,  u;«  is  the  synchrotron  frequency 
and  tf  is  the  slippage  factor. 

We  assume  the  particle  beam  exp^iences  a  localised 
“kidc”  due  to  the  interactions  between  the  beam  and  the 
surroundings  at  the  location  s  =  0,  where  s  is  the  distance 
along  the  orbit.  The  particle  energy  loss  in  one  turn  is 
(here  the  sh(»t  range  wake  field  is  assumed) 


eo 

=  j  dup{u,$)€“^Z\{u),  (2) 

•oo 


whore  p{u>,  s)  is  the  Fourier  transform  of  p(z),  the  beam 
distribution  in  r-axis. 

Consider  a  beam  with  an  unperturbed  distribution 
which  is  executing  coUective  oscillation  du(>  to  the  inta- 
action  of  the  wake  fields.  Let  the  coUective  osciUation  be 
described  by  a  small  distribution  perturbation  ^i(r,^;s), 

^(r,  d;  *)  =  Mf")  +  Mr,  d;  s).  (3) 

Keeping  only  the  first  order  terms  in  V*i>  we  get  the 
linearised  Vlasov  equation 


dz  e  8^ 


e»C 

2itE 


6(8) 


X  J  J  dr'r'J = 

—00  0  0 

(4) 

Here  the  potential  weU  distortion  effect  is  not  included,  the 
study  of  which  is  not  the  goal  of  our  study. 

We  consider  a  simple  model  of  the  water-bag  model 


II.  THE  VLASOV  TECHNIQUE 

We  conrider  a  single  buileh  particle  beam  described  by 


*OiMnt«d  bjr  the  Univenitiee  Reaeardi  Aieocietioii,  Inc.,  for 
UM'  U.S.  Depertment  of  Eaatgy  under  Contract  No.  DE-AC3S- 
8^1140486. 


(5) 


where  H  is  the  Heaviside  step  function.  The  advantage 
of  using  the  water-bag  model  is  avoiding  introducing  the 
radial  mode  of  coUective  motion,  but  does  not  severely 
limit  ihe  generality  of  the  studies. 
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Obaerving  the  fact  that  the  perturbations  occur  only  at 
the  edge  of  the  bag,  we  can  write  the  perturbation  as 


In  the  absence  of  the  impedance,  the  total  map  T  =  R 
whose  eigenvalues  are 


Substituting  Eq.(6)  into  £q.(4)  gives  an  infinite  set  of 
equations  describing  the  coupled  motion  for  all  I .  We  single 
out  the  f-th  component 


.  .-.w* 


^  +  i7-^a,(s)-«(s)  53  K„a,{s)  =  0,  (7) 


k=—oa 

k^O 


where  the  matrix  K  has  been  defined  by 
,2JVijc*cC  -21  .  “  !?ll/ 


KS  — 00  ^ 


k^o 


which  has  the  following  properties: 


(8) 


K.i^k=-Kiu.  (9) 

We  define  an  infinite  dimension  vector,  whose  f-th  com¬ 
ponent  is 

Xi(s)  =  aj(«).  (10) 

Then  the  Eq.(7)  becomes 

-I-  53  ftnX*(s)  +  6(s)  53  K,M,)  =  0,  (11) 

k  k 


A,  =  Sh  =  (17) 

These  correspond  to  the  eigen  modes  of  the  unperturbed 
motion  and  the  beam  are  always  stable. 

In  the  presence  of  the  impedance  (wake  filed),  as  the 
beam  current  is  increased,  the  eigenvalues  of  the  total  mar 
trix  T  are  more  and  more  perturbed.  If  one  of  them  ac¬ 
quires  an  absolute  value  larger  than  one,  the  beam  motion 
becomes  unstable. 

Without  considering  the  coupling  among  the  different 
modes,  we  keep  only  the  /-th  and  the  (-/)-th  elements  in  the 
transformation  matrix.  The  reason  that  it  is  necessary  to 
keep  (-/)-th  terms  is  we  must  observe  the  property  =  0 
which  guarantees  we  can  use  either  .Y(0~)  or  ^^(0'*')  on 
the  right  hand  side  of  Eq.(14). 

The  simplified  2x2  matrix  becomes 


ie  ^ 

c-2"A(i_,e,)j 

.  (18) 

where 

m 

Jr 

A  =  j/,  - 

(19) 

and 

2iV,e=.C  J 

—  OO 

ImZliu) 

u, 

(20) 

which  is  a  real  number. 

The  eigenvalues  of  the  simplified  matrix  are  then  deter¬ 
mined  by  the  secular  equation 

A*  -  2(-l)’"[cos(2ir/A)  -I-  e{sin(2ir/A)]A  -f-1  =  0.  (21) 


where 

(12) 

The  action  of  the  impedance  is  obtained  by  integrating 
Eq.(ll)  through  s  =  0,  so  the  map  from  s  =  0~  to  s  =  O'*' 
is 

A',(0-^)-AC,(0-)  =  -53;C,tA:(0-).  (13) 

k 


Between  the  location  of  the  impedance,  the  different  a;'s 
are  decoupled,  the  map  from  s  =  O'*'  to  s  =  C”  is 


One  of  the  eigen  values  has  absolute  value  larger  than 
one  and  therefore  the  coherent  instability  occurs  if 


|cos(2s’/A)-|-C|8in(2x'/A)|  >  1.  (22) 

The  stopband  width  at  the  region  near  the  resonance 
{/,  =  m/2/  is  approximately 


-  |e,|  2Nr)e^cC 


OO 

'/ 


du 


ImZS 


u. 


(23) 


X,(C-)  =  535,tAf(0+),  ) 

k 

where 

S,t  =  e-2"‘'*5,t.  (15) 

Therefore  the  total  map  for  one  turn  is 

T  =  5(7  -  K),  (16) 

Where  I  is  the  indentity  matrix.  The  diagonal  matrix  R 
describes  the  action  between  the  location  of  impedance, 
and  K  describes  the  localized  “kick” . 


For  the  broad  band  impedance  (valid  for  a 
impedance  model) 

diffraction 

4(<^)  =  i?o|-|‘''[l  +  *lznH«]- 

w 

(24) 

the  stopband  width  is 

8v/2r(/-i)  T 
x»P(i)r(/-h|)./.’ 

(25) 

where 

Y  _  ^  C  j3/2 

E  z 

(26) 
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FIG.  1.  The  loDgitudinal  stopbands.  The  shaded  regions 
are  unstable.  Resonance  structures  are  displayed  by  this 
diagram. 

For  SLAG  SPEAR  ring,  E  =  3GeV,  v,  =  0.042,  i  = 
2.68cm  and  /  =  20mA,  ta  0.005. 

III.  TRANSVERSE  CASE  AND 
SYNCHRO-BETATRON  RESONANCES 


We  can  also  apply  the  same  technique  to  the  transverse 
case,  which  has  been  already  extensively  studied[l][2][3]. 
Here  we  just  give  some  main  results.  For  the  transverse 
motion  the  Vlasov  equation  is: 


up  dii) 
ds^  c  68 


»  J  ''I 


dpy  e  6^ 


(27) 


where  the  transverse  dynamical  variables,  both  the  regu¬ 
lar  and  the  action-angle,  are  y  =  ry  costf,  — ^  =  rysin^, 
where  up  is  the  betatron  frequency.  The  localized  trans¬ 
verse  “kick”  is  defined  by 

00 

Vy{2,8)  =  -i^6{8)  j  dwp(w,s)e"5‘Zi^(a>),  (28) 

—  OO 


where  the  Fourier  component  ^u)  only  comes  from  the 
contribution  of  the  longitudinal  distribution. 

The  distribution  function  is  assumed  as: 

^(r.^;ry.ff;s)  =  /(r,)£^«(r-|) 
-Z?^cos(9%-|)  f;  o[(s)c*'^  (29) 

*  P=l>-1  l=-00 

where  z  is  bunch  length. 

The  first  term  of  right  hand  side  of  Eq.(29)  is  the  un¬ 
perturbed  distribution;  /(r^)  is  its  trauisverse  part  and  the 
air-bag  model  is  assumed  for  its  longitudinal  part.  For  the 
perturbed  part  the  index  p  takes  only  values  1  and  -1.  This 
because  only  the  dipole  motion  is  assumed  for  the  trans¬ 
verse  perturbation  which  is  cosfl,  where  D  is  the 

dipole  displacement  of  the  distribution. 

Following  the  procedures  described  in  the  last  section, 
we  defined  a  vector 


yj^s)  =  of  (s),  (30) 


for  which  the  one  turn  map  is 

T  =  S{I-  K), 

where 

Sf*  = 

and 

Ne^cC 


(31) 

(32) 


A,l=p 


"  c=-ao  __ 


2c 


kito 


m 

T 


(34) 


(33) 

This  time  only  modes  represented  by  a}  and  aZ}  con¬ 
tribute  significantly.  Keeping  these  two  modes,  we  get  the 
same  secular  equation  for  eigenvalues  as  Eq.(21)  except  A 
is  redefined  as 

A  =  I/p  +  Iv, 
and  the  stopband  width  is 

=  5^1  /  <“> 

—  OO 

For  the  broad  band  impedance 

where  b  is  beam  pipe  radius,  the  stopband  width  is 

V2  r(i-\)r 


(36) 


Svi  = 


with 


T  = 


T»P(i)r(/-hf)i// 
eIRo 


E 


62 


(37) 


(38) 


are  unstable.  Resonance  structures  are  displayed  by  this 
diagram. 
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Abstract 

Eiqieriments  on  electron  beam  tranqxM  through  10 
RF  cavites  have  shown  that  BBU  growth  can  be  reduced  by  6 
dB  when  seven  inlenial  beam  cavities  «e  coqried  by  coai^ 
cable  to  seven  external  dummy  cavities.  The  experiment 
coodsts  of  10  bnss  pBlbM  resonant  cavities  immersed  in  a 
soleamdal  field.  The  first  cavity  basks  TMno  mode  primed 
at  2.S  GHx  by  a  mksowave  pulse  from  an  external  magnetron. 
A  200  A  e-beam  is  injected  into  the  transport  cavity  system  by 
the  long  pulse  MELBA  genermor  (t  a  OJ  - 1.5  ps.  V  at -0.7  to 
-0.8MV.dk)decuneota  1-lSkA).  Growth  (-36  dB)  of  die 
2.S  GHz  RF  is  obrerved  between  the  2nd  and  10th  cavities. 
When  sevmi  internal  cavities  (3”^  -  9***)  are  coiqiled  to  seven 
identical  external  dummy  cavities  via  coaxial  microwave 
cable,  the  2.S  GHz  RF  growth  is  reduced  to  about  30  dB 
average.  These  results  are  shown  to  be  in  general  agreement 
with  a  model  using  equivalent  circuits  to  determine  d^ree 
power  sharing  between  cavities. 

Additional  BBU  growth  experiments  have  been 
performed  using  19  cavities  with  a  propagation  distance 
roughly  twice  that  of  the  10  cavity  experiments.  The 
experimental  BBU  growth  has  been  found  to  scale  with 
distance  as  expected  using  a  discrete  beam-mode  coupled 
theory. 

I.  INTRODUCTION 

The  beam  breakup  instability  (BBU)  remains  a  major 
problem  plaguing  linear  accelerators.  The  BBU  results  firm 
an  unstaUe  coufding  between  a  misaligned  electron  beam  and 
non-axisymmetric  (dipole)  modes  associated  with  the 
accelerating  strucuire  [1-3].  The  end  results  of  this  coupling 
can  range  from  brightness  degradation  to  complete  beam 
disruption.  Recently,  a  novel  method  of  BBU  reduction  was 
demonstrated  at  the  University  of  Michigan  [4]  using  coiqding 
between  the  main  beam  cavities  and  sqnrate  dummy  cavities. 
This  method  has  been  termed  "exinnal  cavity  cc  qiling.”  The 
BBU  reduction  mechanism  involves  sharing  of  non- 
axisymmetric  TMiio  mode  energy  between  the  coupled 
cavities  [4-6].  The  TMno  is  the  fundamental  beam  bretdnip 
mode  associated  with  the  transport  structure  for  these 
experimmits.  This  power  sharing  results  in  a  decrease  in 
TMiio  field  strength  in  the  main  cavities  with  a 
corresponding  decrease  in  the  BBU  growth  rate.  A  critical 
parameter  governing  the  magnimde  of  reduction  is  the 
coupling  constant.  K  [4-6].  In  simplest  terms  k  correqxxids  to 
how  well  the  coiqM  cavities  are  aUe  to  diare  energy. 


This  research  was  suppoted  by  SDIO-IST  managed  through 
an  ONR  coniracL  Siqtport  for  PRM  siqiplied  by  a  Rackham 
SclKxd  of  Graduate  Studies  Fellowship. 


This  piper  presents  a  review  of  the  external  coiqded  cavity 
experiments  and  provides  a  medaid  of  calculating  k  that  is 
bdieved  to  be  more  aocunue  than  that  presented  in  [4]. 


n.  EXTERNAL  CAVITY  CX5UPLING 
EXPERIMENTS 

The  expoimental  configuration  is  shown  in  Hgure  1. 
The  MELBA  ekctron  beam  gmierator  is  used  for  these 
experiments  and  is  run  with  diode  parammers  of:  voltage  * 
-750  kV.  diode  currem-SkA  and  pulsekngth- 0.5  ps.  The 
beam  is  emitted  from  a  hemiqiberical  velvet  firid-emission 
type  cathode.  An  qierture  in  the  anode  injects  rixmt  200  A 
into  the  cavity  transport  structure  region  which  is  immersed  in 
a  3.4  kG  solenmdal  field.  The  cavity  anmy  generally  consists 
of  10  brass  pillbox  cavities  with  an  average  TMno  resonant 
frequency  of  2.5075  GHz  ±  0.03  %.  Each  cavity  contains  a 
microwave  coipling  antenna  oriented  to  be  sensitive  to  the 
TMno  l>eam  breal^  mode  which  occurs  at  2.5  GHz.  The 
first  cavity  in  the  array  has  its  TMno  mode  primed  on 
resonance  by  an  external  magnetron  operating  at  1  kW  and 
pulseleagth  of  3  |ts-  This  is  done  to  provide  initial  transverse 
modulation  to  the  electron  beam.  The  beam  coasts  throu^ 
the  remaining  cavities  where  it  excites  the  TMno  >notie  in 
each  cavity.  The  power  of  the  TMno  mode  grows  in  the 
successive  cavities  as  the  amplifying  BBU  disturbance  is 
carried  along  the  beam.  The  spa^  growth  of  the  BBU  is 
determined  by  measuring  the  difference  in  TMno  mode 
microwave  power  between  the  2nd  and  lOih  cavities. 

In  a  typical  experiment  about  36  dB  gain  in  25  GHz 
microwave  power  is  observed  between  the  second  and  tenth 
cavities,  when  the  external  cavities  are  not  connected  to  the 
coiqding  mkrowave  ad>le.  When  the  criiles  are  connected, 
the  internal  and  external  cavities  are  coupled,  and  30  dB 
growth  in  TMi  lo  microwave  power  is  typically  observed 
between  the  second  and  tenth  cavities.  This  method  differs 
from  other  BBU  sippression  techniques  in  tiiat  the  control  is 
reactive  and  not  disspative.  Figure  2  shows  data  from  40 
experimental  shots  in  which  the  uncoupled  and  coupled  cases 
are  alternated  every  three  shots.  This  figure  is  rqrroduced 
from  [4]. 

ffl.  EXTERNAL  CAVITY  CXJUPLING  THEORY 

Itevious  analysis  [4]  has  shown  that  the  BBU  patial 
growth  rate.  T  (whne  total  BBU  growth  is  given  by  is 
modified  by  a  factor  of  l/(l-fK^2)  to  account  fw  cavity 
coujding  though  a  mutual  inductance  model  [5-7].  Thus,  the 
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F^nrel.  Schematic  of  C3iperimea<riooafigigiiioo  (lower)  iDdinagnetk£teldpw>fiie(if|)er). 


external coopled cavity growdiittB is r/(l<fic^Q^.  Ileee,Kis 
ihecoa|riiaf  ooostaataodQiadiecaiv^tyMdity.  ThisfiKior 
of  Rinseats  the  latio  of  power  leaked  to  the  dnaoiy 

(external)  canrity  to  the  power  icaufadaf  in  die  iMan  Gntemi^) 

cavhy(4].  A  cold  test  was  peribnned  on  a  networic  andyzer 
(HP'SSIO)  nsiag  two  model  cavities  each  with  two  coupling 
.  antennas.  One  amenna  in  each  cav^  was  used  to  iqiect  the 
mkrowaves  and  the  second  was  used  to  tnnsadt  the  KF 
power  out  of  the  cavity.  TUs  cold  teat  experiment  indicated 
that  the  power  diaring  ratio  for  this  ananganent  is  « 
0.13.  Using  this  vabie  in  the  redaction  foctor  yields  an 
expected  experimental  leduction  to  36  dB(l/l.l3)  »  32  dB. 

However,  the  ooM  test  of  the  powm  sharing  ratio 
differs  from  the  actoal  experimental  configuration.  In  die 
expefiment.  each  cavity  has  only  one  ooa|diity  loop,  tfaos  the 
cdd  test  m^f  nnderestimaie  the  magnitude  of  power  sharing 
since  the  extra  antennas  provide  additional  inductance  to  the 
ovetaD  ciicaiL  An  altemadve  mettod  to  determine  k  has 
been  developed  using  an  equivakot  drc^  model  sumlm  to 
thorn  used  in  coqiled  cavity  Uystron  analyses  [8].  The 
equivalent  dacoit  rqnesenting  the  experimental  oonfiguratioa 
isshownkiRguie3.  The  critical  parameter  that  governs  the 
magnitade  of  power  diaring  is  die  mutaal  inductance,  M. 
Gonnectiag  the  loop  antenna  ctrcuits  to  the  cavity  circuits. 
The  mmual  inductance  can  be  found  from  the  formula  [9,10]: 


where  cOb  is  the  angular  TMno  resonant  fietpiency,  R  is  die 
lesisianoe  assigned  to  dm  cavity  drcnit.  s  is  the  area  of  the 
coityliiig  loop,  r  is  the  radial  position  of  the  antmma  in  the 


cavity,  b  is  the  radins  of  the  cavity,  /  is  the  cavity  length,  and 
2^  is  the  characteristic  impedance  of  the  coupling  caUe. 
Solving  for  power  in  the  maht  mid  dummy  cavities  with  the 
circuit  progiam  SPICE  [11]  yidds  a  power  sharing  ratio  of 
iA2^«0.18.  Uaeof  this  value  in  the  reduction  fisctoF  gives  a 
predicted  value  (tf  30  dB  growth  for  the  coiqM  cavity 
experiments.  This  results  in  better  agreement  betwcm  theory 
nd  eqierimem  duB  dun  reported  in  [4]. 
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Shot# 

Figure!.  BBUinstdnlity  growth  for  uncouided cavity  (open 
circles)  and  coiqiled  ca^  (black  ^uares)  configurations 
showing  an  average  decrease  6  dB  in  grou^  iriien  cavities 
are  externally  coq^ed.  (Rquoduced  from  Rd^  [4]). 
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Rgnre  3.  EqinvalCDt  dicnit  representing  extenud  cavity 
conpling  ooo^oiatioii. 

IV.  NINEIEBN  CAVITY  BBU  GROWTH 
EXPERIMENTS 

Pievioasly,  these  University  of  Michigan 
e^wtiments  exanining  the  BBU  growth  scaling  have  been 
liBilBdloielMivelyshM(«  1  m)  piqpogition  distances  using 
to  resonant  cavities  [12].  Rece^.  ejqKfimerns  designed  to 
study  the  behavior  of  BBU  growth  rates  over  longer 
prc^Mgation  distances  have  been  performed.  These 
experiments  use  a  2  m  solenoidal  vacuun  chamber  u^g 
cavities  neatly  identical  to  those  used  above  and  in  [4,12]. 
The  configiaation  can  be  rqaesentedly  Figure  1  witfa^the 
external  cavitttii  and  coining  caUes,  but  with  a  longo’ 
tranapott  cfaantber  and  nine  additional  cavities  fining  the  extra 
length.  Most  diagnostics  and  measuring  techniques  are 
identical  to  those  used  in  [12].  Themi^difierenceisdatin 
the  earlier,  10  cavity  experiments  the  BBU  growth  was 
measured  between  the  second  and  tenth  cavities  qpmining  a 
propagation  distance  <rf  68  cm.  These  19  cavity  experiments 
measure  the  BBU  growth  over  the  144.S  cm  between  the 
second  and  nineteenth  cavities. 

Figure  4  (dots  the  BBU  growth  versos  the  ratio  oi 
beam  current  to  ap^ied  solenokfad  magnetic  field,  I/B  (AAC). 
The  data  from  thp  19  cavity  mcperiments  is  seen  on  the  left 
side  of  the  graph.  For  each  mqmmental  growth  datum  (blade 
squses),  the  coneqwnding  predicted  BBU  growdi  from 
theory  (open  squares)  is  also  phxtc  1  A  two^limensional 
discrete  cavity  theory  is  used  [13].  For  reference,  the  data 
from  the  10  cavity  oqieiiments  are  seen  on  the  right  side  of 
die  graph  (from  Ref.  [12]).  The  lower  VB  values  for  the  19 
cavity  data  are  a  result  of  lower  tranqxirted  beam  currents. 
Note  that  the  dtqie  in  Fig.  4  for  the  10  cavity  case  is 


qpprofimately  half  that  for  the  19  cavity  case,  as  eaqyected 
The  10  caviQf  dam  is  reproduced  from  [12]. 


magnetic  field,  I/B  (AAcG).  Experimental  data  (filled 
symbols)  are  plotted  wiA  coneqionding  theoretical  growdi 
(open  qrrabols).  Two  eiqierimratal  cases  are  shown:  19 
cavities  (squares)  and  10  cavities  (drcles). 
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Abaana 

tt  it  abowB  that  bb  aaBalar  electroo  beam  oiagf  carry  six 
ttaBM  as  Buich  camat  as  a  peadl  beam  for  die  aaoie  beam 
bieakap  (BBU)  ffowth.  Iliis  flndfan  saggesis  that  the  rf 
HiapwricflelitoftliebwalaanBodeanrmoeehnpoitaBtthmi 
the  if  eleeiiic  Add  hi  die  excitadoo  of  BBU.  A  peoof-of- 
ptiBCi|de  experiiBeBt  is  sugfested,  and  the  haplicatioiis 
expioied. 


L  INTRODUCTION 

ABBolar  dectroo  besnu  have  the  capability  of  carrying  a 
much  higher  coneat  than  a  peodl  beam.  Besides  the  Obviom 
fact  that  armular  beanu  have  a  larger  cross-secdooal  area, 
their  BmidBg  carreats  are  significantly  higher  than  those  of  a 
pendl  beam  vrfaea  placed  in  a  metalBc  drift  tube.  Forthisand 
other  reasons,  anonlar  bemns  have  leceatly  been  chosen  as  die 
preferred  geometry  to  geoente  coherent,  nltm-high  power 
adcrowaves  [1.2].  Hiey  have  also  been  nmd  as  the  primmy 
beam  in  aeveral  "two-beam  aoedermor*  oonfiguradons  [3,4]. 
These  annular  beams  either  encounter  a  sequence  of 
modulating  gaps,  or  siaqily  graxe  a  slow  wave  structure  to 
generate  a  wake  fidd  in  the  case  of  two-beam  acodeiaton  P) 
Their  Ugh  current  nuiy  then  lead  to  the  beam  bredenp 
iBStaUlity  (BBU)  [5-9]  and  this  ooncetn  modvaies  the  present 
study. 

n.  DISCUSSION 

BBU  is  usually  analyzed  for  a  pencil  beam  propagating 
along  die  center  axis  of  a  seqooic?  of  acceleiating  cavities. 
Many  BBU  cakuladons  ptaeded  interest  assume  that  the 
ancelerating  unit  is  the  *«"*»««•  cyihidiicd  pillbox  cavity  and 
that  the  dominant  deflecting  mode  is  the  ndj  iQ  mode  [5,6,9]- 
Extension  to  an  annular  beam  is  straightforward. 
Nevedheless.  this  calculation  leads  to  several  unexpected 
results  and  provides  some  new  insightt  into  BBU.  to  be 
reported  U  dds  paper. 

It  is  weD  known  that  BBU  is  excited  by  the  combined 
action  of  the  if  magnetic  field  (Bi)  mid  the  rf  electric  fidd 
(El)  of  the  deflecting  mode  [5]:  Bi  causes  beam  deflection 
through  the  Loientz  force  and  Ei  causes  mode  aniqilificatioo 
through  the  woric  done  on  the  mode  by  the  beam  curiem  J. 
Our  calculation  strongly  suggests  that  Bi  is  mudi  moe 
critical  than  Ei  in  corttiibndng  to  BBU  growth.  Unis,  an 
anonlar  beam  sttai^ically  fdaced  near  the  miniinom  of  the  if 
magnetic  fidd  would  suffer  fig  less  beam  breahty  growth  thai 
a  penefl  beam  that  is  centered  on  the  cavity  tu^  where  the 
magnetic  fidd  is  large  and  the  axial  electric  field  is  small.  By 


the  same  argument,  placing  the  annular  beam  very  dose  to  the 
waD  of  a  mdrifle  drift  tube,  at  wUch  the  axial  electiic  fidd  is 
vanishiBgly  snsall,  omnot  diminaie  BBU  growth  because  of 

Ihn  Hwiltirrim  majnarir  ftriH  liy  lli».  mwiU 

currenL  Toward  the  end  of  this  paper,  we  propose  an 
experiment  wUch  vrould  unamUguonsly  test  the  leladve 
intyortance  between  the  if  magnetic  field  and  the  if  axial 
dectriefl^m  discussed  here. 

Consider  an  tfafai  amuilac  beam  of  ladins 

inside  a  cyiindikd  drift  tnbe  of  radios  b.  The  beam  carries  a 
lotd  current  I  and  coasts  at  vdodty  Vg  with  the  cocreqiaoding 
idadvisdc  facton  y  and  p.  Hie  drift  tnbe  is  loaded  with  a 
slow  wave  stiucmre,  modeled  Ity  a  series  of  qdiBdiical  pillbox 
cavities,  eadi  of  vriiich  supports  the  nonaxisyBunettic  IMj  jg 

mode  P.S.6t9].  The  interaction  between  this  mode  and  the 
beamcansesBBUtobeexdied.  Litheliaiftrg-)(),thisisihe 
basic  modd  of  BBU  for  a  pencil  beans.  Since  we  are 
comparing  the  strength  of  BBU  inieractioB  for  different  values 
of  Tq,  we  pretend  that  magnetic  fxusing  is  absent  md  that  the 
qui^  factor  Q  of  the  deflecting  mode  is  infiniie. 

A 

Let  Ai  aZ  q(t)  (cos  0)  E(r)  be  the  vector  potential  of  the 
deflecting  dipole  mode  in  a  cavity.  For  the  fiindamenml 
TMjjg  mode,  E(r)  *  JjQmt)  represents  the  radial  dependence 

d  the  axial  dectiic  field  with  being  the  Bessd  ftmetion  of 
order  one  and  ps3.g32/b.  The  coneqionding  magnetic  fidd 

is  B]  a  V  X  A  Hie-action  of  this  mode  on  the  beam  is 
cakailaied  as  fdlows. 

We  divide  the  annular  beam  into  N  arimntiial  s^ments  (N 
large).  Hie  i-th  segment  is  located  at  iv«o,  0  >  6  i  >  2x  i/N , 
in  the  unpcrtnrbed  state  but  is  diqilaced  ladiaUy  by  ^  and 
aztannthally  by  when  the  deflecting  mode  is  present  The 
linearized  force  law  yidds 

•T((a)4wQ)2§j-(e/lnoKvofe)qE’(ro)cos  (1) 

-lf(o>4cv^|Ke/niQXV(/c)q[E(r^^psiB  Gj  (2) 

where  the  right  hand  sides  rqpresent  the  conaponents  of  the 
Lorentz  force  that  causes  beam  deflection.  In  writing  Eqs.  (1) 
and  (2),  we  have  assumed  a  wave4ike  solution  exp[](wt-kz)] 
for  the  distnibanoes,  with  a -I,  and  we  have  used  a  prime  to 
denote  derivative  with  reqpect  to  the  argunsent 

Hie  instantaneous  current  J  on  the  i-th  current  filamrot  is 

n[r.t)az^8(r  -  r  -  4  )  8(6  -  G  -  i 
i  o  i  i  o 

°  (3) 


*  Siqiported  inpartby  an  SDIOffST  contract  managed  by 
ONR. 
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wiwn  S  it  rttt  Dine  ddti  fuoctioa.  Tke  woik  done  bpr  Hut 
riniw  fllwimi  it  dw  rtrflnniin  imulr  ||  imynniiwitl  m 


ivfecn  Ike  volaMiMBgnl  it  pafooBed  over  the  cavity,  b 
nytletiiBg  Wi.eieboaldieibBorty  beifcoMpooeatofJi 
b  Bf.  O).  ti^  <Md|y  Ike  if  caeveat  pertoent  wcA  oa  ike 
bektay  aiode.tJ^  taktiibik^  Bqt.(l)-0)  lBioEqX4X  ead 
aeBBBk^i  over  tD  i.  ae  fiad  Ike  tool  wiafc  doae  W  ■  X  Wi 


tpart  from  t  mtlripiicttive  oootttnt  that  is  indgacpdeat  of  the 
keaai^  eqaiUtekan  potitiao  1^  TUa  eaergy  matte  ktdt  to 
groadi  of  die  BBU  OMde.  wkkk  it  described  by  the  BBU 
thqienkn  rdaikia  [8]: 


.-2®^  e  ( 

o  o 


where  e  it  the  coopUag  ooottaat  and  tto  is  the  bieaknp  iBode 
fieqeeaqr.  b  eiritiattheitttfamofBq.(d),  wenonatliiwe 

b  ttOH  of  Cq.  the  oooplbf  coattant  for  to  oa-axit.  pencil  pigi.  Compariaon  of  the  BBU  conpiii«ooottante  between 
beam  (to 0).  For  the  1M||q  mode.  E  ■  J|(pr)  and  an  annnlar  beam  of  ndintro  and  an  on«it  pencil 

€^-a422(p/»)(I/lkA).  ftitcie«lkomBq.(^  beam  (ro -4  0)  with  the  lamewalciinent 


wbch  compamt  the  BBU  ttrangih  between  an  ananiar  beam 
tad  a  pencil  beam  of  the  saaae  conent  No®  that  tUt  imio 
lednoea  to  anhy  b  the  Baait  1^ ->  a 

E4Baian(7)bploaedbHg.(l)mafboctianofrg/b.  bit 
seen  bom  lUt  figme  Ihm  may  be  as  taaaD  m  0.17  when 
the  aaanlar  beam  bloGa®d®r0sO.S6b.  No®  abo  that  ddt 

bcatioa  oobddet  wbh  the  mbhanm  of  the  If  magnetic  Odd 
of  the  deflecting  amde.  What  this  nMant  u  that  an  ananiar 
beam  ptaoad  at  Ihb  locaiian  can  cmy  m  aanch  at  U0.17  >  6 
tbmt  be  cancat  M  an  on-axb  pea^  beam,  tad  mite  d® 
aaaae  BBU  growth.  Another  point  worb  nodng  it  that  BBU 
growb  leiabt  rigniflGant  atieagb  even  if  the  ananiar  beam  it 
eay  doae  to  be  wal  of  be  drift  tube  (cf.  ^  b  b  (1)). 

Ihb  letbt  b  imetpected  rinoe  E]  ->  0  near  a  wall 

Ataiemlt.  Jl  *Ei  >  0  and  there  woidd  be  little  iianste  of 
power  fiom  be  beam  to  drive  be  brebaip  mode.  Thefinhe 
BBU  atreagb  m  I6  ->  b  b  anodwr  atroag  indiettioo  that  the 
deflectbgmagaetbfiehlbte  a’®  bapoitant  than  the  axial 
if  ebctric  field  b  driving  BBU. 


m.  PROOF  OF  PRINCIPLE  EXPERIMENT 

Ihe  biparianoe  of  the  if  magnetic  field  can  be  ®8®d  b  an 
f  a  ri**TT^  bflW"  it  fW*ni*1*  *'y  *  ■nlwmitM 

laagneric  fidd  and  b  made  to  pan  thioagh  a  aeqaence  ot 
pillbox  cavidet,  b  which  the  fint  cavity  b  primed  wib 
microwavet  at  the  TM|]q  mode  [9].  BBU  growb  b 

aaonitowd  at  the  hat  cavity,  before  the  beam  exit  The  above 
theory  bea  predictt  the  muuual  feature  that  BBU  growb 
boaU  be  mack  lenr  if  be  pencil  beam®  plaoedq0r-axir.  bm 
tf  be  pencil  beam  were  on-axb  [10].  The  BBU  growb  should 
be  mbbann  if  bb  pencil  benn  b  plaoed  at  a  dbiance  of 
about  0J6  of  the  piDboK  ladbs,  where  the  if  magnetic  field  b 


IV.  CONCLUSION 

We  dao  iqieaied  the  calculations  for  the  higher  order 
ladbl  modes:  Thlj20i  TM|3q,  Thf  j^q.  and  TMj^q.  Rxii^ 
r^  »  0.S6,  the  lado  equab  0.16, 0.012, 0.037,  and  0.013 
for  these  four  higher  order  modes,  leqiectively.  Thus,  the 
ananiar  beam  sdn  suffers  substmtially  lower  BBU  growth,  b 
be  higher  order  deflecting  modes,  than  an  on-axb  pencil 
beam  of  the  same  conent 
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<  la  coachMiaa.  te  if  laagneiic  field  is  foaad  to  be  auKb 
awaa  impaweat  ibaa  tbe  rf  deceric  field  la  coottibaiiaf  to 
BBU  irawttu  A  sbaple  pioof-of-|irtaelpte  esperiaieai  Is 
ptegoeadlaiMliyiaewflB^.  ABnahabsuaee&raaaa 
ttibih  iMB  M  eMiie  peactt  bsA  as  a  lesatt. 


n.  REFERENCES 

[1]  M.  medMB,  Y.Y.  Lae.  J.  KfaB.  aad  V.  Sertia. 
PMeai  S.132^  (taaed  fa|y  21. 1992):  J.  KnU.  II 
nMBMB.  Y.Y.  Laa.  iBd  V.  Seflin.  im  Ites.  EMC:: 
3ip22a992). 

m  C.CbeB.P.Caiians.«idG.BdDefi.  A|i|d.niys.Le(L. 
(1993). 

[3]  O.  Voss  and  T.WeilHid.DESY  Reports  M8M0(19«2); 
M82<r79a9S2). 

[4]  M.  Medsun.  J.  KnU.  Y.Y.  Lan.  sad  V.  SerilD.  Fhys. 
Rev.  Leo.  £1.2468(1989). 

[5]  WXRPSDoCifcyMidM.  Bander.  Rev.  ScLlnstniiii.  IS. 
2060968). 

[6]  VX  Ndl.  L.S.  HaU.  and  RJC.  Cooper.  Part  AoceL  1. 
Ill  0970): 2.213(1979). 

[7]  A.W.  Chaob  B.  Rktaer.  and  CY.  Yaok  Nwd.  lutram. 
Mrthods.  m  1  (1980). 

(81  Y.Y.LaB.nqft.  Rev.  Leo.  £3.1141(1989). 

(91  PX  Menfe.  RJd.  Gflgenbach.  aad  Y.Y.  Laa.  Fhys.  Rev. 
Leo.  £2.2372(1992);PXMeage.R.Boscli.andRM. 
OUienbarJi.  ^ipL Fhys. Lett  £L 642(1992). 

[10]  BBU  gnarth  on  a  pencil  beam  that  is  placed  offoemer 
can  be  eaafijr  calculaaed  by  osiag  Eq.  (4)  instead  of  Eq. 

(S).  WepRSendihatiliettNalbeamcoaeatiscaoiedby 
Ae  i-lb  lilaaieni  that  eaten  Eq.  (4).  Altbooih  the  BBU 
growth  of  sach  an  off-center  beam  dqieoOa  on  Oj.  its 

ooopBag  constant  a  is  stUl  much  less  than  the  value 
ftr  an  on-axia  beans. 


33S6 


Rf  Focusing  Effects  and  Multi-bunch  Beam  Breakup 
in  Superconducting  Linear  Colliders 

J.  Rosenzweig.  S.  Hartman  and  J.  Stevens 
UOLA  Department  of  Physics,  405  Hilgard  Ave.,  Los  Angeles,  CA  90024 


Abstract 

A  high  gradient  standing  wave  linear 
accelerator  provides  axisymmetric  transverse 
focusing  due  to  the  presence  of  strong  alternating 
gradient  transverse  electromagmtic  nelds  arising 
nom  the  backward  rf  wave.  This  effect  is  second 

order  in  both  the  fidd  anq>litude  and  in  ,  so  it 
is  of  inqxvtance  only  for  high  gradient,  relatively 
low  energy  beams.  The  pu^se  of  the  present 
analysis  is  to  examine  the  enect  of  this  focusing 
on  multi-bundi  beam  breakup  in  a  superconduc¬ 
ting  linear  collider,  which  has  both  a  high  acceler¬ 
ating  gradient  and  long  bunch  train.  As  an 
interesting  test  case,  we  discuss  the  beam  breakup 
{MToUem  in  die  TESLA  test  bed  at  DESY. 

I.  RF  FOCUSING 

The  effect  of  alternating  gradient 
transverse  rf  fields  is  to  provide  net  axisymmetric 
(monopole)  focusing  to  a  beam  accelerating  in  a 
standing  wave  electron  linear  accelerator.  The 
focusing  strength  associated  with  this  effect  is,  in 
die  smooth  approximation. 


where  is  the  average  accelerating  gradient 
associated  with  the  resonant  component  of  the 
wave[l].  This  focusing  effect  has  the  same  foim  as 
a  solenoidal  magnetic  field,  of  strength 

R,  =  F^/V2c.  Note  that  for  a  large  average 

accelerating  gradient  and  a  low  (by  the  standard 
of  the  linear  collider  final  enagy)  beam  that  this 
can  be  a  very  strong  effect  For  TESLA  designs, 
an  average  accelouting  gradient  of  20  MeVMi  is 
often  assumed,  which  yields  an  effective  smooth 
focusing  with  equivalent  beta-function  of 
^^(cm)*3.Sy.  At  die  TESLA  test  bed  at  DESY, 
the  beam  will  be  injected  at  low  energy 
(iqiproximately  10  MeV),  and  thus  the  initial  beta- 
function  will  be  0.7  m,  which  is  much  stronger 
focusing  than  the  external  quadrupole  lenses 
provitte.  In  addition,  if  the  electron  beam  at 
TESLA  itself  is  derived  direedy  from  an  rf  gun  [2], 


the  rf  focusing  will  be  dominant  in  the  low  ener^ 
Qess  than  the  damping  ring  energy)  section  of  the 
linac. 

This  focusing  term  can  be  incorporated 
into  a  paraxial  ray  equation,  which  has  the 
following  simple  fmm  in  the  limit  that  /» 1, 


where  is  the  reduced  transverse 

position  (the  derivation  of  the  general  form  of  this 
equation,  and  the  notation,  are  due  to  Lawson[3], 

and  Y  -  eE^  /  mc^  is  the  average  rate  of  change 
of  the  beam  energy  in  units  of  rest  energy. 

In  addition,  at  the  entrance/exit  of  the 
cavities,  the  unmatched  iris  fields  is  are  equivalent 
to  focusing/defocusing  lens  of  focal  length 
/  =  2£j  /  cm[4]. 

These  effects  can  be  incorporated  into  a 
single  matrix  which  describes  the  passage  of  a 
particle  through  a  cavity, 

cos(a)--\^sin(a)  V8-:^sin(a) 
-^■^sin(a)  ■^[cos(a)+V2sin(oc)] 

where  a  =  ^In^-^  j  and  is  the  normalized 

beam  ener^  at  the  beginning  (end)  of  the  cavity. 

Using  this  matrix,  plus  the  linear  drift  and 
quadrupole  matrices  in  the  intercavity  regions  of 
tile  linac,  one  can  construct  a  fuU  linear  tran^ort 
matrix  for  the  linac. 

n.  MULTI-BUNCH  WAKE  FIELDS. 

As  a  bunch  which  is  a  member  of  multi¬ 
bunch  train  passes  through  a  cavity  off-axis,  it 
adds  a  wake-freld  contribution  to  the  lowest  orto 
transverse  modes,  the  dipoles  modes.  Since  the 
vertical  emittance  and  beam  size  are  much  snutiler 
than  the  horizontal  in  a  linear  collider  design,  we 
concentrate  only  on  vertical  motion,  as  it  will  be  a 
more  sensitive  measure  of  a  wake-field  instability. 
The  total  vertical  kick  received  at  the  N-th  cavity 
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l)y  1  ptfticle  in  Ae  i>th  bunch  due  to  all  bunches 
which  pncede  it  is(5] 

*»« 

tf-ZXib* 

8in[(i-7>,T]. 

Here  the  quantities  are  the  transverse 

shunt  ifiq)edances  of  the  m-th  dipole  mode,  which 
has  angi^  frequency  and  a  loaded  quality 
factor  Q^.  These  [wrameters  are  taken  from  the 
wOTk  by  Mosnie^5],  who  has  studied  this 
I»DUem  fw  the  acti^  TESLA  cavities  as  they  are 
I»esently  designed. 

m.  SIMULATION 

The  beam  dynamics  of  the  centroid  of  each 
bunch  in  the  train  can  be  simulated  by  using  the 
matrices  describing  the  if  focusing,  acceleration, 
and  drifting,  adding  an  additional  Idck  due  to  the 
wake-fields  at  the  exit  of  each  cavity.  The  input 
parameters  for  these  studies,  cmresponding  to  a 
TESLA-like  bunch  train,  are  given  in  Table  1. 
The  usual  TESLA  cavity  parameters  are  adopted: 

GHz,  with  nine  ar-mode  cells  per  cavity. 


Bunch  spacing  r 

1  fisec 

Number  e*/bunch  N* 

5x10'® 

Number  of  bunches  N 

“505 

Average  -function 

83  m 

Phase  advance/cell 

30  degrees 

Av.  accel.  field 

l6  MV/m 

1  Cavity  misalignments  1 1  mm  (rms) 

1  Beam  injection  error  |  ^  microns 

Table  1:  Parameters  for  TESLA-like  multi-bunch 
beam  breakup  simulation  studies. 

In  these  studies,  the  average  ^-function  is 
kept  constant  at  41  meters,  which  means  that  for 
energies  below  a  half  of  a  GeV  or  so,  the  rf 
focusing  will  in  fact  be  stronger  than  the  quad 
focusing  for  F^=:20  MV/m.  Note  that  if  a  damping 

ring  is  not  employed,  that  the  electron  beam  must 
accelerate  through  this  regime  of  the  transverse 
dynamics.  The  bunches  are  all  given  a  SO  nticron 
initial  offset  Following  MosnieifS],  we  assume  an 
rms  misalignment  of  the  cavities  of  1  mm. 

In  a  TESLA-like  machine,  with  10,000 
cavities,  the  excitation  of  multi-bunch  BBU  by 


misalignments  of  cavities  in  the  low  energy 
section  of  the  linac  were  observed  to  damp 
(throu^  the  mechanism  of  adiabatic  danqiing), 
until  ^  anqditude  of  the  bram  oscillation  was  not 
significantly  different  when  conqitfed  to  the  case 
when  die  rt  focusing  kicks  were  turned  off.  The 
results  were,  in  gmeral,  similar  to  those  found  by 
Mosnier. 
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I^gure  1:  Vertical  positkin  as  a  function  of  bunch  train 
number ,  with  and  without  rf  focusing  for  TESLA  test  bed¬ 
like  case.  The  simulation  with  if  focusing  included  shows  a 
large,  conectable  centroid  offset 


In  the  case  of  the  TESLA  test  bed  at 
DESY,  the  beam  is  always  in  the  rf  focusing 
dominated  regime,  and  the  results  are  a  bit  more 
interesting.  In  this  case  there  are  only  32  cavities. 
The  rirst  thing  that  one  notices  is  that  the  rf 
focusing  kicks  move  the  centroid  of  the  bunch 
train  off  axis,  as  is  shown  in  Figure  1.  Since  this 
sort  of  DC  offset  is  correctable,  for  the  sake  of 
analysis  we  subtract  the  leading  bunch  offset  from 
the  coordinates  of  the  remaining  bunches,  as  is 
shown  in  Figure  2.  The  resulting  bunch  offsets 
display  two  notable  aspects.  First,  as  expected,  the 
BBU  grows  faster  due  to  the  driving  excitation  of 
the  if  focusing  kicks  from  misaligned  cavides. 

The  salient  feature  of  the  bunch  train  offset 
profile  is  that  after  an  initial  transient,  the  bunches 
follow  each  other  -  they  'Tock-on”  to  the  position 
of  the  bunches  which  precede.  This  effect  is 
explained  theoretically  in  the  case  of  a  nearest 
neighbor  (daisy  chain)  model  developed  by 
Adolphsen[6].  In  this  model,  only  the  wake-field 
from  the  bunch  immediately  preening  is  included 
in  the  calculation.  The  assumption  is  that  the 
damping  of  the  mode  due  to  its  loaded  Q  is  several 
e-folds  in  the  time  interval  between  bunches. 
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While  this  is  not  quite  the  case  here,  the  behavior 
can  be  seen  to  be  qualitatively  the  same. 
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I^gttie  2:  Vertical  position  as  a  function  of  bunch  train 
number,  with  and  without  rf  focusing  for  TESLA  test  bed¬ 
like  case,  with  the  initial  bunch  offset  subtracted. 

It  is  also  clear  that  the  final  lock-on  offset 
seen  in  Fig.  2  is  slightly  larger  for  the  case  which 
includes  the  rf  focusing  Idc^.  In  the  daisy  chain 
model  the  oscillation  amplitude  is  proportional  to 
the  average  beta-function.  Thus  a  likely 
explanation  for  the  calculated  amplitudes  in  Fig.  2 
is  that  total  amplitude  is  made  smaller  by  the 
presence  of  the  additional  rf  focusing,  an  effect 
which  cannot,  however,  overcome  the  added 
grovrth  of  the  instability  due  to  the  presence  of  rf 
Hcks,  which  ^vide  an  additional  inhomogeneous 
driving  term  in  the  equations  of  motion.  In  both 
cases,  however,  the  instability  amplitude  is  a 
relatively  small  fraction  of  the  bunch  height 
Gy  =  200  fan.  This  fraction,  as  stated  above, 

tends  to  decrease  with  additional  acceleration  in  a 
TESLA-type  machine,  especially  in  our  case, 
where  the  beta-function  remains  constant 

rv.  CONCLUSIONS 


however,  the  additional  effect  of  the  if  kicks 
should  be  observable. 

The  idea  behind  pursuing  this  study  was 
that  the  rf  focusing  kicks  would  contribute  a 
forcing  of  the  motion  that  is  correlated  to  the 
wake-fields,  since  both  the  kick  received  by  die 
bunch  and  the  wake-field  excited  by  tte  bunch  are 
proportional  to  the  bunch  offset  mm  the  cavity 
center.  The  bunches  affected  by  die  wake-field, 
however,  do  not  in  general  execute  subsequent 
motion  which  is  correlated  to  the  cavity  onsets, 
except  to  the  extent  that  a  dipole  mode  fiequency 
is  commensurate  with  the  bunch  spacing 
frequency.  This  special  case  is  to  be  avoid^  and 
in  fact  the  most  desirable  choice  of  dipole  mode 
frequency  places  the  zero  crossings  of  the  dipole 
modes  at  the  following  bunches.[7]  Thus  the 
multibunch  BBU  is  not  drastically  exacerbated  by 
the  presence  of  rf  kicks  in  cases  where  the  bunch 
train  would  be  otherwise  stable,  as  can  be  seen  in 
Figure  2. 
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The  effect  of  alternating  gradient  rf  focus¬ 
ing  has  a  large  effect  on  the  focusing  of  electrons 
at  low  energy  in  a  standing  wave  linac.  This 
undoubtedly  will  have  some  impact  on  the  way 
one  implements  external  focusing  and  trajectory 
correction  in  an  SRF  linear  collider. 

On  the  other  hand,  we  have  found  no 
serious  deleterious  effects  of  including  rf  focusing 
in  a  multi-bunch  BBU  in  a  long  machine.  In  a  low 
energy  machine  such  as  the  DESY  test-bed. 
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AmediodofdmBnniniagaedeQiiigreqniremeBtofindi- 
vidoil  cmrily  higherHinler  modes  (HOM)  for  a  moU-caviiy  RF 
system  KimoeidBd  and  andied  10  die  APS  ling.  Since  HOM 
naonaior  finqueacy  values  are  to  some  degree  oncertain.  the 
HOM  frequencies  shoold  be  feuded  as  random  varialiles  m 
predicting  the  stabUiiy  of  the  ooiqded  bunch  beam  modes.  A 
Monte  Carlo  shnnlation  provides  a  hiatogam  of  the  growth 
rates  from  which  one  obtains  an  estimase  of  the  probability  of 
instability.  Ihedanqtiag  of  each  HOM  type  is  determined  such 
that  the  derajfrig  effort  is  ecoiiomiMd.Le.no  single  HOM  dom- 
inaies  die  qwcified  growth  rate  hisiogimn. 

L  INTRODUCTION 

Previous  worit  [1]  on  ootqded-bunch  instability  in  the  APS 
ring  consiated  of  catenlating  the  growth  rate  of  coupled  bunch 
modes  (CBM)  assuming  that  only  one  HOM  from  one  cavity 
was  Shinto  the  frequency  of  the  doaest  CBM.  Theprobabili- 
ty  that  HCBib  froqi  two  cavities  contributed  to  the  same  CBM 
was  deemed  smaD  because  the  HOM  frequencies  from  difformt 
cavities  were  sttggered.  llreteqiiireddeQingforeadiinaDO- 
pole  and  dqiole  HOM  type  was  derived  from  these  results. 

A  posMiility  diat  should  now  be  consideted  in  a  staggered 
HOM  frequency  RF  system  is  that  once  the  iK>Ms  are  deQed, 
the  impedance  functions  (rftwoHOMs  close  in  frequency  migta 
overlap,  thus  negating  frequency  staggering.  Another  possil^ 
ity  is  two  or  more  HC^  impedances  from  differem  TOM  types 
contributing  to  the  same  CBM  through  frequency  aliasiiig. 

fri  order  to  cover  dl  poasfoOities,  one  has  to  caicuiate  the 
CBhb  using  dl  the  H(^  impedances  with  staggoed  fre¬ 
quencies.  Since  the  TOM  resonant  frequency  values  have  a 
quasi-reralom  nature,  a  statistical  analysis  of  tte  CBM  growth 
rates  is  used  to  estimate  die  amount  of  required  TOM  de(^ng 
to  beam  stability.  A  similar  Monte  Cslo  analysis  was  ftst  re¬ 
ported  by  Siemann  in  [2]. 

The  relevant  data  m  the  instdrilitycalculatioo  are  given  in 
Section  n.  Section  m  eqdains  the  Itote  Carlo  method  used, 
and  gives  a  prescriptioo  for  determining  minimum  TOM  deQ- 
ingfisctors.  The  method  is  applied  to  the  APS  ting  in  Sectioo 
IV.  As  one  may  expect,  the  resulting  de(^  requitement  is 
more  stringent  than  the  preliniiiiwy  one  tqwtted  in  [1]. 

All  cotqded  bundi  growth  rates  are  calculated  by  the  new 
program  clinchor  [3].  It  uses  a  normal  mode  analysis  based 
on  the  theory  (^Thompson  and  Ruth  [4].  One  of  clinchor  *s 


*  WoriE  nqipaited  by  UJS.  Dqiaittnent  of  Energy.  Office  of  Basic 
Energy  Sckaoes  under  Contract  Na  W-31-109-ENO-38. 


features  is  the  poaaihility  of  tandomiang  the  H(Md  frequencies, 
an  idea  bortov^  from  the  program  PC-BBI  [S]. 


n.  RING  PARAMETER  AND  CAVITY 
HOM  DATA 

Soane  of  the  ring  puametcrs  used  in  the  calculations  are 
listed  in  IbUel.  These  pmammers  are  constant  to  all  calcula¬ 
tions  presented  here.  The  Pftmctions  at  the  RF  cavities  are  used 
instead  of  the  transverse  tunes  to  the  transverse  growth  rale  cal- 
cubuion. 

Tbblel 

General  parmnmers  to  growth  rate  calcuittfions, 


Ringoieqgy 

E 

7 

GeV 

Ibod  current 

h 

300 

mA 

Ninnba  of  bunches 

N 

_ 1 

Cnriem  pa  bunch 

5J6 

mA  1 

Nnmba  of  cavities 

Nc 

^ _ 1 

Revoimion  firequency 

fo 

271.55 

kHz 

Synchrotron  frequency 

/. 

1.5 

kHz 

Longitudinal  damping  rate 

1/^ 

_  1 

lYansverse  dandling  rate 

1/k* 

seer* 

/Sir  mRF  cavities 

14 

m 

^  at  RF  cavities 

10 

m 

The  properties  of  the  APS  ring  RF  cavity  HCNtfr,  as  calcu¬ 
lated  by  die  program  URMEL  [6],  are  listed  in  IhUe  2.  Each 
TOM  type  is  named  after  its  imperturbed  resonant  frequency 
listed  in  the  first  cobmm.  is  the  longitudinal  shunt  inqied- 
ance,  and  il<  is  the  transvase  shunt  inqiedance.  Later,  R  will 
simply  refer  to  the  shunt  impedance  in  general.  Qo  istheinqia- 
turbed  quality  foctor  of  die  TOM  resonator.  Ibexidaindielast 
column,  staggeriiig  the  TOM  frequencies  means  separating  die 
frequencies  by  equtd  intervals.  Tto  is  accomplished  by  design¬ 
ing  each  cavity  longer  than  the  previous  one  by  some  small 
amount  The  effect  is  different  to  each  TOM  type  because  of 
their  distinct  fidd  patterns.  The  staggoing  intoW  column  in 
Ibtae  2  lists  how  much  the  HOM  resonant  finetyiency  decreases 
pa  cavity  roing  0.3  mm  pa  cavity  as  the  ekxqpttion  step.  The 
selectioo  of  the  elongation  stqi,  accoding  to  [7],  is  based  on  the 
budgoed  tuning  range  (0.7S  MHz)  of  the  cavity  tuners  to  cor- 
lea  to  the  fimdamental  mode  frequency  staggering. 


0-78Q3-1203-1/93$03.00  0 1993  lEEB 
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'Uble2 

Impedance  puneiew  of  HOMs. 


MonopoleHCBiib 

R. 

Staggering 

(MHz) 

(MQ) 

imerval  OtHz) 

352* 

49 

5.1 

S38 

41 

1.67 

210. 

922 

107 

0.62 

330. 

939 

42 

0.23 

330. 

1172 

44 

0.18 

390. 

1210 

94 

0.49 

1509 

88 

a40 

810.  1 

Dqxde  HOMs 
(MHz) 

Qo 

(1000) 

(MQ/tn) 

Staggering 
interval  (kHz) 

588.7 

68 

13.6 

24. 

761 

53 

25.6 

210. 

962 

54 

6.1 

360. 

1017 

41 

2.6 

510. 

1145 

92 

17 

450. 

1219 

41 

3.6 

570. 

*  FUndameatiil  mode  included  for  comparisoo. 


Due  to  its  longitudinal  symmetry,  the  staggering  of  the 
S88-MHZ  dipcde  HOM  is  relatively  small.  The  16  impedance 
functions  of  this  IK>M  type  w31  overiag),  requiting  thb  IK)M 
type  to  be  damped  more  strongly  than  others. 

In  heavily  beam-loaded  RF  systems,  there  is  a  concern  that 
the  fundamental  mode  cotq^  to  the  longitudinal  CBMs  of  fire- 
quenciesj6-«^and(JV-l)jb-«-j&.  In  our  case,  the  coupling  is  n^- 
ligibie.  Not  includ^  in  tte  transverse  CBM  growth  rates  is  the 
effect  of  the  resistive  wall  impedance.  Since  this  impedance 
component  is  not  RF  related,  it  is  ignored  for  now. 

in.  STAnSnCAL  ANALYSIS  OF  STABILITY 

A  multi-bunch  beam  is  predicted  to  be  unstable  in  a  storage 
ring  if  the  growth  rate  of  any  CBM  calculated  fm  a  given  imped¬ 
ance  is  greater  than  the  natural  damfmg  rate  (here  the  radiation 
damping  rate)  of  the  beam.  Since  the  damping  rate  is  fixed  for 
each  idane  of  motion,  one  only  needs  to  calculate  the  largest 
growth  rate  mnong  the  CBMs  to  determine  stability  of  the  beam 
ineachplarK. 

The  growth  rate  is  a  highly  sensitive  function  of  the  HOM 
frequencies.  However,  the  HOM  frequencies  are  uncotain 
quantities,  since  they  change  during  nor^  operation  of  a  ring. 
In  addition,  before  the  assembly  cavities,  one  does  not  know 
by  how  much  die  omstruction  errors  will  shift  the  HOM  fre¬ 
quencies  from  their  expected  staggered  values.  Thus,  the 
growth  rate  is  an  uncmiain  quantity. 

Since  beam  stability  is  direedy  related  to  growth  rate  val¬ 
ues,  one  therrfore  deals  with  probability  of  beam  stability.  One 


defines  the  probability  of  beam  stability  to  be  the  nundier  of  sets 
of  possdile  HOM  frequencies  where  the  beam  is  stable  divided 
by  the  total  nundier  of  sets  of  possible  1K)M  frequencies. 

Obviously,  one  must  apprmtimaie  the  probability  cdcula- 
tion  by  restricting  the  infinite  set  of  HOM  frequencies  to  a  man- 
ageaUefew.  The  analysis  thus  becomes  a  statistical  one. 

The  Monte  Carlo  simulation  proceeds  as  follows.  Onees- 
tabltthes  a  set  of  fixed  HOM  frequencies  to  which  are  then  add¬ 
ed  random  values  in  a  range  given  by  an  error  model.  Avalue 
for  the  lar;^  growth  rale  among  the  CBMs  is  stored  for  each 
set  of  IR>M  frequencies  generated. 

The  set  of  growth  rate  values  can  be  histogranmied  to  show 
their  distributioo  (see  Figure  1,  for  exam|de).  The  shqie  of  the 
histogram  is  a  function  of  the  IK)M  R's  (here.  R  just  means 
shunt  impedance  for  mther  plane  of  motfon),  QX  and/’s  and  of 
the  random  values  amplitude.  lyincally.asanqdettfSOrandom 
sett  ot  randomized  WM  frequencies  is  suffident  to  provide  a 
smooth  enough  histogram. 

A  consistent  oritenon  for  reasonaUe  certainty  of  beam  sta¬ 
bility  is  now  given:  if  the  9Sth  percentile  value  or  growth  rates 
is  greater  than  the  natural  damping  rate,  then  the  bem  is  stdile 
(Le.  the  beam  is  staUe  9S%  of  the  time);  odierwise  the  beam  is 
unsttiUe. 

The  HOM  deQing  requirements  are  obtained  as  follows, 
recognizing  that  each  TOM  type  has  differing  R/Q  values,  and 
one  would  like  to  economize  tte  minimum  damping  effort.  As 
a  first  stq>,  each  TOM  type  is  ttJeen  as  being  the  ^y  impedance 
inthermg.  IfthebeamispredictedbytfaeMonteQulocalcula- 
tion  to  be  unstaUe.  the  input  values  of  R  and  |2  of  the  TOMs  are 
reduced  such  that  a  tepemed  Monte  Carlo  calculation  predicts 
astablebemn.  During  this  step,  one  observes  that  growth  rates 
are  not  necessarily  proportional  to  R  since,  by  reducing  Q,  the 
impedance  functions  spread  and  coiqile  to  more  (TBMs.  Thus 
afew  iteratfonsmay  be  required  before  determining  the  deQing 
factor  for  each  HOM. 

In  the  last  step,  all  HOMs  are  included  together  with  their 
new  (J’s,  and  all  are  further  deQed  with  the  same  factor  fm  beam 
stability. 

rV.  APPUCATION  TO  APS  RING 

A  simple  frequency  emv  model  is  adopted  here  because 
the  correct  random  component  of  the  HOM  frequencies  attrib¬ 
utable  (o  construction  errors  and  operating  circumstances  is  dif¬ 
ficult  to  estaUish. 

A  conservative  range  of  ±fi)  (/g  is  the  sqn^ation  of  danger¬ 
ous  frequencies)  is  selected  for  the  random  compmient  of  all 
HOMS.  That  is,  it  is  guaranteed  that  some  frequency  values 
will  land  very  close  to  a  resonance.  This  prevents  the  frequency 
samptes  from  repeating  "safe”  values  of  frequtticy  in  between 
resonances.  If  the  acmal  random  component  is  l^er  than  jg, 
the  CBMs  that  are  influenced  by  the  impedances  will  be  differ¬ 
ent  (Mies.  However,  the  distributicNi  of  growth  rates  is  not  ex¬ 
pected  to  change  much. 

Table  3  lists  the  deQing  frictors  at  the  first  stage  of  the  anal¬ 
ysis  fcM  dipole  HOMs.  (Because  of  space  limitations,  the  table 
for  moncpole  HOMs  is  not  shown). 
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lU>le3 

DeQ  fiv  eacli  HOM  type  taken  sepamely. 


Dqmle 

HOMs 

(MHz) 

Damping 

factor 

Q/Qd 

Resonator 

width 

(MHz) 

Staggering 

range 

(MHz) 

588 

150 

IJOO 

0.36 

761 

220 

3.100 

3.2 

962 

9 

0.161 

5A 

1017 

2.5 

0.045 

7.7 

1145 

2.5 

0.031 

6.8 

1219 

3 

0.069 

8J 

The  resonator  width  The  staggering  range  is  the 

qaead  of  HOM  frequencies  (rf  the  cavities.  For  the  16  cavities, 
it  isjust  IS  tunes  the  staggering  interval  in  Ihbk  2.  Fdrthetwo 
lower  frequency  IK>Ms,  the  resonance  width  is  of  the  order  of 
the  staggering  range,  implying  diat  some  of  the  impedmce 
Anictioos  from  the  16  cavities  overlap,  and  that  danqnng  effort 
becomes  greater.  For  the  other  HOMs  in  the  table,  there  is  no 
obvious  overlapping  of  impedances. 

When  all  HOM  types  are  combined,  the  probability  of  two 
IK)M  frequencies  for  contributing  to  the  same  CBM  is  in¬ 
creased  th^gh  aliasing  of  the  resonant  frequencies. 

Ihble4 

Required  Q  for  frequency-staggered  cavity  HOMs. 


The  &ial  values  of  Q/Qsve listed  mTible 4.  Therequired 
Q  column  is  the  maximum  Q  allowed  for  sthNhty.  Rgnre  1 
shows  the  histogram  and  its  integral  of  the  growth  rates  for  the 
final  set  of  Rg'a  and  Q’s  for  the  longitudinal  case.  The  dashed 
line  is  the  synchrotron  radiation  dmnping  rale.  Note  that,  for 
most  sanities,  the  growth  rue  due  to  the  HOM  impedances  is 
only  about  half  the  danqang  rale. 


Figure  1 

Final  histogram  and  its  integral  tot  the  liaiginidinal  case. 

V.  CONCLUSION 

The  HOM  deQing  requiiemeats  for  frequNicy-staggered 
cavities  have  been  calculated  based  on  the  probability  (A  beam 
stability  using  HOM  resonator  frequencies  as  random  variables. 

The  deQing  requirement  for  some  of  the  dipole  HOMs  is 
stringent  because  their  frequency  staggering  is  small  and  their 
R,IQ  is  particularly  high. 


Mooopole  IKiM  type 
(MHz) 

DeQing  factor 

Q/Qo 

Required 

Q 

538 

64 

640 

922 

16 

6700 

939 

6.4 

6600 

1173 

6.4 

6900 

1210 

16 

5900 

1509 

16 

5500 

Diptde  HOM  type 
(MHz) 

DeQing  factor 

Q/Qo 

Requited 

Q 

588 

285 

240 

761 

420 

130 

962 

17 

3200 

1017 

4.8 

8500 

1145 

4.8 

19200 

1219 

5.7 

7200 
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Abstract 

B^m  transfer  function  measurements  provide  accelerator 
impedance,  beam  frequency  spread  and  effective  feedback 
gain  information.  An  aiudysis  t^nique  is  used  to  derive  these 
quantities  from  beam  measurements.  Transverse  bunched 
beam  measurements  in  the  Fermilab  Main  Ring  are  reported. 

I.  INTRODUCTION 


Vi  (QiCOO)'  Yj  =  cxp( jwt)  -  i)  W 

where  e  and  m  are  the  charge  and  mass  of  each  individual 
particle  respectively,  Io=total  beam  intensity,  L=acceleiator 
circumference  and  Zj.  ii>  the  u-ansverse  impedance.  The 
coupled  BTF  B’(fi))  is  given  by  j{0<yj>/F(a))  and  has  the 
following  relation 


It  has  been  known  for  many  years  that  the  Main  Ring  suffers 
from  a  vertical  coupled-bunch  instability  at  injection  [1. 2].  An 
extensive  study  project  is  underway  to  find  the  offensive 
modes  and  the  impedance  source  which  causes  this  instability. 
Beam  transfer  function  measurements  are  a  useful  method  for 
determining  the  beam  impedance,  effective  damper  gain  and 
frequency  space  distribution.  Beam  transfer  function(BTF)  for 
coasting  be^  and  bunched  beam  cases  are  measured.  The 
development  of  a  theory  for  the  bunched  beam  transfer 
fuBCtMMi  is  also  underway. 

n.  COASTING  BEAM  THEORY 

A.  Closed-Loop  BTF  Measuretnents 
The  beam  is  a  collection  of  particles,  each  having  its  own 
oscillation  frequency  qifOo  driven  by  a  common  external  force 
amplitude  F((a)  where  qj  is  the  fractional  tune  and  coq  is  the 
angular  revolution  frequency.  The  equation  for  each  individual 
particle  is 


I 


I 

B(0)) 


-»-H(a)) 


(5) 


with  H(m)  =  eloZi/tt'wL.  The  above  equation  represents  a 
feedback  loop  as  depicted  in  Fig.l  . 

If  a  damper  system  is  used  to  cure  an  instability,  this  will 
add  a  damping  term  to  the  right  hand  side  of  eq.(3),  say 
-jIoG<yj>,.where  G  is  complex.  Then  the  equation  for  the  new 
feedback  l(x>p  becomes 


1 

BX<0) 


B(CD) 


(6) 


with  D(©)  =  Glo/t*).  The  new  feedback  loop  is  depicted  in 
Fig.2  .  A  plot  of  imag(l/B’)  vs.  real(l/B’)  gives  us  the  well 
known  stability  diagram.  The  effect  of  impedance  and  damper 
system  is  to  shift  the  unperturbed  stability  diagram  (1/B)  by 


Xi  +  (qiO)0)'Xi  =  F((o)  expfjwt)  (1) 


The  BTF  is  defined  as  [3] 

F(a» 


(2) 


I,  .  fp(qiQ)o)d(qiO)o), 

=  -[np(co)  +  j  •  pv  I  — i - s - ] 

2  ■’  qj(Oo-0) 


where 


p(co)  =  — Re[B((o)] 

It 


(3) 


j=-i,  p(qi(i>(i)  is  the  normalized  distribution  of  the  betatron 
frequency  among  die  particles. 

When  there  is  a  self-coupling  force  due  to  the  tran.sver.se 
impedance[4],  eq.(  1)  is  changed  to 


cIoZi  Gill 

mtoL  0) 


At  lower  intensity,  an  open  loop  BTF  through  a  damper 
system  can  generate  the  betatron  frequency  distribution.  We 
can  determine  die  contour  shift  by  comparing  with  the 
unperturbed  stability  diagram  from  calculation.  A  plot  of 
contour  shift  vs.  beam  intensity  provides  us  the  information 
about  the  coupling  impedance  and  diunper  gain. 


B.  Open-Loop  BTF  Measuremenis 
The  experimental  .setup  is  .shown  in  Fig. 3  and  the 
corresponding  hnip  diagnun  depicted  in  Fig.4.  The  output 
signal  is 

V,.u,  =  B(-r)V„,-HVoui)  (8) 


The  measured  B  I  F  is 

1 -I- H(0))B{co) 


(9) 


*  Operated  by  Universities  Re.search  AsscKriatioti  Itic.,  under  Furdiennore.  die  opcn-Uxip  stability  diagram  is  described  by 
cixitraci  with  the  U.S.  Department  of  Energy. 


(10) 


1  ^  -1  H(a)) 

D((D)B((d)  D((d) 


UnMn  Che  self-coupling  effeci  is  very  small,  the  BTF  is 
approximately  equal  to  •D(<ia)B(a)). 


Ill  MEASUREMENTS 


Beam  transfer  functions  are  measured  with  coasting  and 
bunched  bemn  in  the  Main  Ring  at  8  GeW  flat  Rg.S,  ng.6 
and  Fig.7  are  results  of  coasting  beam  case  for  nal0534q 
betatron  sideband.  The  revolutkgi  frequency  is  47.4  kHz  and 
vertical  Iuik  is  0.4  for  the  Main  Mng.  I^.S  and  Fig.6  give  the 
amplitude  and  phase  of  BTF  respectively.  Fig.7  is  the 
dishrRMitimi  of  betatron  frequency  spreml  derived  from  eq.(i). 
Due  to  limited  beam  study  time,  we  did  not  average  data  firm 
multiple  cycles,  a  process  which  significantly  improves  the 
signal  to  noise  ratio  of  the  results.  The  presented  signals  an 
too  noisy  to  provide  a  smooth  enough  stability  diagram.  We 
can  see  a  substantial  shift  in  the  coherent  frequency  for 
different  beam  intensity  from  Fig.5  to  Fig.7.  This  frequency 
change  is  proportional  to  the  product  of  beam  intensity  and 
transverse  impedance.  A  measurement  of  coherent  frequency 
shift  vs.  beam  intensity  will  give  the  transverse  imp^iance. 
Fortunately  we  also  do  have  averaged  data  for  bunch^  BTFs. 
The  results  are  depicted  in  Fig.8,  Fig.9  and  Fig.  10.  It  is 
necessary  to  calibrate  the  experimental  apparatus  in  order  to 
derive  the  impedance  and  damper  gain  ftom  the  stability 
diagram,  see  eq.(7).  Further  work  is  underway  to  attain 
quantitative  results  from  BTF  measurements. 
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Hg.2:  feedback  loop  with  the  coupling  impedance  and  damper 
system. 


N=l053+q,  damper  off 


Hg.l:  feedback  loop  with  the  coupling  impedance. 


frequency 


Fig. 5:  B  IT  inc:i.><iirciiK*iii  Ibr  coa.sling  beam  --  lunpliuide. 
d;i.d)cd  line  corre.'ipoiids  lo  low  beam  iiiien.<vily. 
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Nsl055+q,  damper  off 


bunchod  beam  ease,  Nsq 


-5  0  5 

freqaency  [Mb] 


Rg.6:  BTF  measuremeni  for  coasting  beam  --  phase,  dashed 
line  corresponds  to  low  beam  intensity. 


frequency  (MIz) 


Rg.9:  bunched  BTf  measurement  -•  phase. 


N=1053^  damper  off 


-6-2  2  6 
frequency  [Mix] 


Rg.7:  distribution  of  frequency  spread  derived  from  eq.(3), 
dashed  line  corresponds  to  low  beam  intensity. 


stability  diagram  (bunched  beam) 


-20  -10  0  10 
reai(i/S21) 

Rg.lO:  bunched  BTF  measuremeni  -  stability  diagram. 


bunched  beam  case,  N=q 


normalized  frequency  spread 


-1  -0.5  0  0.5  1 

frequency  (kHz) 

Fig.8;  bunched  BTT'  me<Lsureineni  -  amplitude. 


frequency  [kHz] 

Fig.l  1:  bunched  B'l'i-  me^ureineiii  -  distribution  of 
frequency  spread  derived  from  eq.(3). 
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Abstract 

Longitudinal  coupted-bunch  instability  has  been  addressed 
in  many  papers.  Most  of  than  assume  that  all  bunches  are 
distributed  equal-distant  from  each  other.  Here  we  present  a 
different  case  where  a  train  of  13  bunches  is  followed  by  a  big 
gap  1100  empty  buckets  in  the'Feimilab  Main  Ring.  No 
regnal  wake  fiel^  are  left  after  one  revtdhtion  for  a  hi^er 
order  mode  of  the  RF  cavity  with  Q  in  the  few  hundreds.  Ute 
head  bunch  of  the  train  cannot  feel  the  wake  field  left  by  the 
previous  turn,  and  classic  closed  loqp  instability  is  not 
posaMe,  though  destructive  coherent  oscillation  are  observed 
in  later  bunches.  However,  it  has  been  observed  that  the  beam 
can  still  be  unstdile  if  the  beam  intensity  is  high  enough  (e.g. 
lElO  per  bunch).  In  this  paper  tye  will  present  some 
experimental  observations  along  with  computer  simulaion 
results.  They  agree  with  each  other  quite  well.  A  feedbadc 
loop  is  possible  to  eliattmate  these  cohmnt  oscillations. 


I.  INTRODUCTION 

This  paper  is  concerned  with  the  subject  of  longitudinal 
beam  inst^ility  observed  in  the  Fermilab  Main  Ring.  During 
the  present  ccrilider  run,  a  high  intensity  proton  beam  is  needed 
in  the  Tevatron  to  provide  a  high  luminosity,  described  by  the 
equation 

LBN(p)N(pbar)fn/A  (1) 

Here  A  is  the  transverse  area,  N(p).  Nipbtff)  are  numbers  of 
protons  and  antiprotons  in  one  bunch,  f  is  revolution 
frequency,  n  is  number  of  proton(antiprotan)  bunches  in  the 
whole  ring. 

In  order  to  get  a  high  intensity  beam,  a  technique  called 
coaIescing[l]  is  used  to  get  as  much  charge  in  a  .single  bunch 
as  possible  from  11  to  15  individual  bunches  in  the  Main 
Ring.  This  coalescing  chmge  efficiency  is  strongly  dependent 
on  longitudimil  mnmitance.  It  can  also  be  poorer  if  there  is 
coherent  oscillation  brfore  coalescing.  Based  on  observations, 
it  is  found  that  the  beam  is  not  stable  at  the  coalescing  en^gy 
of  ISO  Gev.  This  instability  is  caused  by  a  high  order  mode  in 
the  RF  cavities. 


*Operalad  by  UniveniliM  Reteoich  Association  Inc.,  under 
conlract  with  the  U.S.  Department  of  Energy. 


When  a  beam  passes  through  a  cavity,  a  voltage  is 
induced  (see  fig.  1),  given  by[2] 

V»q(oR/Q  (2) 

Here  q  is  bunch  charge,  tn,  R.  and  Q  are  resonant  frequency, 
impedance  and  Q  values  reflectively. 


Figure  1  Beam  loading  voltage(V)  as  a  function  of  time(nsec) 
by  a  bunch  with  lElO  particle 

This  voltage  acts  as  another  external  RF  voltage.  Since 
we  only  have  13  consecutive  bunches  in  the  ring,  the  coupled 
bunch  mechanism  is  different  from  traditimial  predictions[3]. 
The  Q  of  the  offending  higher  order  mode  is  not  high  enough 
to  let  the  wake  field  propagate  for  one  revolution  period.  The 
fill  time  ts2Q  /  a>if  =  2  psec  is  a  factor  of  10  smaller  than  the 
revolution  period.  This  is  an  open  loop  type  of  in$tabili0'[4]. 
We  don’t  expc;ct  any  beam  oscillatitxis  in  die  front  bunches  and 
progressively  larger  oscillations  in  the  tail  bunches.  Here  we 
describe  the  experiment  set  up,  data  taking  and  simulation 
results. 


II.  EXPERIMENT  SET-UP 

In  order  to  record  the  whole  process  trf  beam  growdi,  the 
[ffoton  beam  is  stored  at  fimtop  with  an  energy  of  ISO  Ciev  for 
10  seconds.  During  this  period  dipole  oscillations  can  be  seen 
quite  easily.  With  high^  intensity  the  situation  geu  worse. 
To  make  analysis  easier,  a  Tdctronix  RTD720  digitizer  is  used 


0'7SO»-1203-1/93S03.00  e  1993  lEBB 
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lo  recofd  resistive  wail  signals  turn  by  turn.  The  analog 
bandwidth  is  300  MHz  and  (he  digitizing  rale  is  2 
Gsamples/sea  Typically  die  bunch  length  Is  about  4  nsec,  so 
there  are  8  sample  per  bunch.  The  program  LabView  on  a 
Macintosh  is  to  read  out  data  stored  in  the  digitizer 
through  GPIB.  Some  analysis  (such  as  FFT)  can  also  be 
perfomied  by  that  program.  The  time  scale  is  adjusted  by  a 
trigger  box  so  that  it  cmi  take  data  for  any  cycle  and  for  any 
number  turns  per  trace.  This  way  simit  and  long  range 
phenomenon  dan  be  sturSed. 


m.  DATA  ANALYSIS 

Lxxiking  at  f^.  4.  there  is  a  dipole  oscillation  for  later 
bunches  while  the  front  bunches  are  stationary.  The 
oscillation  amplitude  varies  from  bunch  to  bunch.  Typically  2 
nsec  of  oscillation  amplitude  can  be  observed,  which  is  cl^ 
to  1  sigma  of  the  beam.  By  examining  the  oscillation  dosely, 
a  pattern  of  phase  between  them  is  found.  A  line  can  be  drawn 
to  match  oscillation  peaks  of  different  bunches.  The  phase 
slope  is  about  70  degiees/bunch  for  such  a  line.  By  doing  FFT 
ot  this  data,  beam  spectrum  is  available(see  fig.  5).  Note  that 
there  are  modulation  sidebands  around  each  RF  frequency 
harmonic  line.  The  frequency  is  Atosll  MHz.  Thus  the 
driving  frequency  is  determined  by  (DO=i*<arf±Aci).  Here 
<iiirf=S3.104  MHz  at  ISO  Gev.  To  determine  (he  value  of  i  and 
sign,  a  more  direct  measurement  is  employed.  Since  the  RF 
cavity  is  a  dominant  factor  in  terms  of  impedance  at  such  high 
firequendes,  a  survey  of  all  possible  modes  was  performed  by 
using  a  stretched  wire  metho^see  fig.  2). 

Cavity 


S21sIN/OUT 


HP  Network 

\ 

Analyzer 

OUT 

IN 

1  • 

1 _ 

Bgure  2  Setup  of  S21  measurement 

This  is  performed  by  using  a  KPS?.*!!  A  network  analyzer  and  a 
wire  is  pulled  through  the  cavity  center.  The  two  ports  of  the 
network  analyzer  are  omnected  lo  either  wire  end,  which  are 
impedance  matched  to  .30(2  using  maiciiing  rcsisiorsI.S]. 


Figure  3  Measured  S21(dB)  vs.  frequency(Hz) 

There  are  three  deep  notches  in  S21  (see  fig.  3).  The  first 
one  is  the  fundamental  RF  mode.  The  other  two  are  high  order 
inodes.  One  of  them  is  approximately  22S  MHz.  This  is  the 
mode  causing  the  beam  instability.  Its  frequency  correqioiids 
foe  is4  and  has  R/(^1.3(X)  and  (>>1000  for  a  filling  time  of  2 
psec.  This  decay  time  is  relatively  short  compared  to 
revolution  period  of  21  psec.  It  explains  why  the  later 
bunches  osdllate  with  a  much  bigger  amplitude  while  the  fiont 
one  are  still  stable.(see  fig.  4).  While  these  tail  bunches  feel  a 
strmger  wake  field  produced  by  all  proceerhiig  bunches,  the 
front  bunches  see  little  wake  field  alter  one  turn.  The  same 
behavior  can  also  be  seen  from  our  simulation  results  (see 
fig.6). 


Figure  4  Measured  beam  motions 
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UlU  signal  into  the  same  higher  order  mode  impedance  to 
nuilfy  the  wake  fkkl.  Another  possibility  is  to  make  a  bnncfa 
by  bunch  feedback  system  such  as  done  by  CERN{6]. 


FigufeS  Beam  qtectnun  by  FFT 
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Figure  6  Simulated  beam  motions 


IV.  FUTURE  WORK 

We  have  studied  the  short  batch  coupled  bunch 
pbraomenott  in  the  Fermiiab  Main  Ring.  A  model  cxi.st.s 
which  provides  a  good  descriptUxi  of  observed  phenomenon.  A 
feedback  system  must  be  designed  to  damp  this  beam 
oscillation.  We  are  in  the  fuocess  designing  such  a  .system. 
Beam  ^ptais  froin  a  current  monitor  are  picked  up  as  a  source 
for  this  hxdback  loop.  They  are  amplified  and  filtered  to  get 
the  correct  compoiKnt.  Then  an  RF  cavity  probe  delivers 
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Abstract 

Adoabk  RF-cavity  fjrttemvitbapaanTe  kighat-hannoiik 
cavity  »  coawleKd  for  tke  poxpcse  of  preventiBg  coa|ded- 
boadi  iastabOities  aad/o>  iacteaaag  the  baacb  Hfettme. 
EaquewioM  an  pnaeatod  for  tbe  oant  of  tbe  eqnilib' 
riam  pbaw  iastabSity,  the  freqaeacy  aad  daaipiag  rate  ot 
the  Robiaeoa  iaetability,  the  aynchrotroa  fiieqaeacy,  eya- 
chiotrcm  freqaeacy  q>i«ad,  aad  boaeh  leagth.  Aa  algo- 
nthas  is  pnsented  fM  evahatiag  the  petfetmaace  of  a  pM- 
ave  highet-hatm<mk  cavity,  aad  ^iplied  to  the  SRRC  dec- 
troa  sknage  liag,  which  k  beiag  iastafled. 

1  Introduction 

The  perfoimaace  of  aa  eiectxoa  storage  liag  may  be  lim¬ 
ited  by  couided-baach*  iastabiEties  [1]  aad  the  Toaschek 
fifctime.  A  passive  RF  cavity  wHh  resoaant  freqaeacy 
aear  a  hacmoak  of  the  faadasKatal  RF  cavity  may  be 
ased  to  iaciease  Laadaa  dampiag  of  syachiotioa  osdl- 
latioas  aad/ot  iacnase  the  baachkagth  [2,  S],  thereby 
sappressiag  coapkd-baach  iastabiEties  aad  iacieasing  the 
Touchek  Efetime.  However,  aawaated  side-effects  sach  as 
the  eqaiEbriam  phase  aad  Robiasoa  iastabiEties  shoald 
be  avokkd.  la  Sectioa  2,  we  preseat  aa  algotiAm  whid 
evalaates  a  higher  harmoak  cavity  [4].  The  algorithm  k 
apfdkd  to  the  SRRC  storage  riag  ia  Sectioa  3.  We  ase  the 
aotatioa  of  Saads  [5]. 

2  Analysis  algorithm 

We  coasider  a  riag  with  a  pasnve  highet-harmoak  cav¬ 
ity  ia  whkh  the  faadameatal  RF-cavity  k  operated  ia  the 
“compeasated  coaditimt”  [5]  with  taaiag  aagk  adjasted 
so  that  the  generate  carreat  k  ia  phase  with  the  vdt- 
age.  The  EAowiag  valaes  mast  be  iapat  to  the  algorithm: 
Vrt :  peak  effective  RF  vdtage  ia  Cavity  1;  Q\  :  aaloaded 
qaaEty  factor  of  Cavity  aaloaded  impedaace  of  Cav¬ 

ity  1  at  resmiaace;  0  :  RF-coapEag  coeflkkat  for  Cavity 

*IUMardi  wippotud  bgr  the  Kstioaal  Sdsnm  Coimdl,  lUpoUic 
oTCliiii* 
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1;  a  :  momeatam  compactioa;  To  :  revolatioa  period; 
Uf  :  geaeratw  aagalat  freqaeacy;  E  :  dectroa  eaetgy; 
om  i  dectroa  eaetgy  qi»ead  from  syachrotroa  radiatioa 
emksioa;  I  :  average  beam  carreid  magaitade;  1^:  afar 
chroaoBB  voltage;  u  :  harmoak  Baaabet  of  Cavity  2;  Qa 
:  qaafity  factor  of  Cavity  2;  Ra  :  resonaat  impedaace  of 
Cavity  2;  dr  :  taaiag  aa^  of  Cavity  2;  n,  :  hmgitadiaal 
radiatioa  dampiag  time;  Z{ucjt.)  •  paiadtk  impedaace 
driviag  coapfed-baach  oadDatioas;  aad  freqaeacy 

of  the  paraatk  mode. 

Let  (i>i  be  the  resoaaat  freqaeacy  of  Cavity  1,  Qi  = 
Ql/{1  -I-  j9)  the  loaded  qaaEty  factor,  Ri  =  JQ/(1  -h  0) 
the  impedaace  at  rcsoaaace,  aad  di  ike  taaiag  aa^  de- 
Eaed  by  taadr  =  -  w\)/ui.  Thk  taamg  aag)e 

k  the  aegative  of  that  ased  by  scmie  aathois.  Robiasmi 
oadDatioas  an  d^eadeat  apoa  the  addithmal  aa^es 
which  ob^  taa di:t  ±0- ui)/vi.  Cavity  2 k  a 

pasnve  higher  harmoak  cavity  with  resimaat  freqaeacy  wr 
aear  vug  when  i/  k  its  harmoak  aamber.  dr  k  its  taaiag 
aa^,  ghrea  by  tala  dr  =  -  vrl/s'r*  As  a^  Cav¬ 

ity  1,  Robiasoa  oedDathms  involve  ad^tkaal  aa^es  dri: 
whkh  obey  taadr±  =  ±  O  —  wr)/ws. 

Let  n  deaote  the  Robiasoa  instabiEty  aagalar  freqaea^, 
ajt  the  instabiEty  dam^ag  rate  (negative  fm  growth), 
e  >  0  the  dectroa  charge  niagaitade,  while  Fi  and  A 
an  baach  fi»m  factors  for  the  fhadaracatal  aad  harmoak 
cavities.  We  initiaEy  set  Fi  =  1  aad  A  =  0.1,  aad  iterate 
aatO  the  form  fsctoci  an  conskteat  wiA  the  baachkagth. 
Oat  algorithm  proceeds  as  follows: 

1.  Cakalate  dii  the  phase  ang^  of  the  baach  center, 
whkh  eqaak  sero  for  a  baach  at  the  voltage  peak: 

Vt  =  FiVrrcosdi  -  2JRaF|coB>  dr  (1) 

If  thk  eqaation  caa  cnily  be  sdved  with  |  cosdi  |>  1| 
then  then  k  no  posnbk  eqaiElmBm  phase  of  the  baach  in 
Cavity  1,  aad  the  cakalatkm  k  dkcontinned. 

2.  Cakalate  the  taaiag  aagk  of  Cavity  1  for  operatkm 
in  the  “compensated  conditfoa”  [5]: 

tandi  =  — :j^j;^«ndi  (2) 

3.  Cakalate  the  coeffideats  of  the  Tsylor  eipaanoa  of 
the  effective  eyachrotroa  potential,  I7^(r)  =  ar^+br^+cr*: 
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«  ®  ■«  +  vIFiRi  OB  2^)  (3) 

i  =  coB^x  -  2v^IFiR2  CO**  ^3)  (4) 

ctow^ 

C  =  +  I'^/faiZsniiS^a)  (5) 

4.  If  a  i*  poaitive  and  c  <  0.45[o/(a<r«/^)}*,  then  tke 
ajmduotiOB  confiaiag  poteBtial  i*  mostly  qna^atk.  Hie 
qmchiottoii  frequency,  bonchlength,  and  tpiead  in  syn- 
diotion  freqaendes  obey: 

Ut  =  '^o  (6) 


Landan  damping  is  saficwat  to  omue  stafcflity.  A  gfo«- 
ing  dipole  mode  will  be  Landan-damped  [6]  wb«  the  mag> 
nitnde  of  the  cdbeiait  frequency  shift  is  lem  than  O.TSwm,* 
Fos  the  case  of  a  nonqnadratie  synchrotran  potential,  eq. 
(11)  may  be  used  with  the  most  nnstaWe  frequency  1.73w„ 
in  {dace  of  (!>,.  Landau  damping  is  suffident  to  pcevent  the 
coupled  bunch  instability  [7]  if  the  coheteat  frequency  shift 
is  kas  than  0.3w,,. 

7.  Detennine  if  the  equilibrinm  phase  instability  wiD 
occw.  Stability  is  assuied  i£ 


FiJ< 


Vrisin^ 


(12) 


Hi  gin  2^1 

8.  If  the  previous  inequality  is  satisfied,  calculate  the 
Robinson  frequency: 


curg 


(7) 


i|-(^)’i  (•) 

Otherwise,  the  confining  potential  is  mostly  biquadratic 
so  that  the  bunchkagth  obeys: 

=  0.69(^)*/*  (9) 

c 

where  Uo  =  ^(V*)*'  frequency  of  a  synchrotron 
oscillation  of  ami^nde  obeys: 


=  1.17(cl7o)»/<  (10) 

The  most  unstaUe  frequency  is  1.72w«,. 

At  the  dividing  fine  betwedi  quadratic  and  nonquadratk 
potentials,  the  buachkngths  determined  by  the  respective 
Irnmnlas  are  equaL 

5.  Use  the  bnnchkngths  to  determine  the  form  foe¬ 
tid  (fin  Gauadaa  bundles):  Fi  =  ezp(-(i;*of/2)  and 
Fa  =  eq>(— /2).  Reput  steps  1-5  if  the  form  fac¬ 
tors  differ  greatly  from  the  previous  input  values.  For  new 
ii^ut  values,  use  a  weighted  average  of  the  two  most  recent 
calculafioBs  at  the  form  foctors.  After  several  iterations  of 
step*  1-5,  we  have  quantities  cakulated  using  form  factors 
udikh  ate  condstent  with  the  bunchlength. 

6.  Determine  if  the  dipok  loniptudiiial  coupled  bunch 
instidufity  is  damped.  For  a  mostly-quadratic  synchrotron 
potential,  the  coherent  frequency  shift  for  a  resonant  dipok 
interactioB  with  a  loagitndiiial  cavity  mode  of  impedance 

frequency  wc^.  is  [1]: 


I  Ab; 


'  2ET^, 


(11) 


where  F^g  ^  is  the  bunch  form  factor  at  the  frequency 
account  for  radiatioB  dami»ng,  subtract 
from  this  frequency  shift. 

'Ae  renilting  frequency  shift  may  be  compared  with  the 
Italcalated  synduotroa  frequency  spread  to  determine  if 


0*  =  ^{FxVTxm^x  -  +sin2di+) 

-I-  vR,Film2^a  -  ^^^^(sin 2^.  +  sin 2^+)}  (13) 

This  caknlatum  requires  iteration,  and  one  can  start  by 
evaluating  the  RHS  with  sero  beam  current,  and  then  iter¬ 
ate  using  a  weighted  average  of  the  most  recently  c<»npnted 
valne  of  O  and  the  previously  computed  value. 

9.  Once  the  Robinson  frequency  is  kaosm,  the  Robin¬ 
son  rate  can  be  cakulated;  a  positive  value  gives 

stability: 


o*  =  ^■(^1  ^1+  “•* 

-i-F'lHaQatandacos’^^.cos*^.]  (14) 

We  evaluate  a  hi|^er  harmonk  cavity  by  performing  the 
above  caknlation  for  a  sequence  of  values  of  nag  current 
and  tuning  angk.  In  iterated  caknlations,  the  iteration  is 
concluded  and  a  flag  is  set  if  convergence  does  not  occur 
within  a  reasonaUe  number  (~  500)  of  iterations. 

Uncertainty  results  from  the  assumptiem  iff  a  resonant 
conpkd-bnndi  interaction  with  a  parasitic  mode,  as  wdl 
as  the  impedance  and  frequency  of  this  mode.  The  busch- 
kngth  calculated  in  the  presence  of  coufded-bnnch  insta¬ 
bility  docs  not  indnde  any  lengthening  resulting  from  the 
instal^ty. 

3  Application  to  the  SRRC  stoiv 
age  ring 

To  test  our  algorithm,  higher  harmonk  cavities  at  MAXlab 
and  BESSY  were  modded.  The  results  were  in  reason¬ 
able  agreement  with  experiments  when  we  used  a  parasitk 
mode  impedance  of  0.02  MO,  which  is  an  order  of  magni¬ 
tude  below  a  typkal  undamped  value,  consistent  with  the 
presence  of  spurious  mode  attenuators. 

In  the  1.3  GeV  storage  ring  being  installed  at  SRRC, 
the  beam  pipe  aperture  and  RF-freqnency  are  neady  the 
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same  «  If  AX-Ub  [8].  Thns,  we  expect  a  tliiid  hacmonic 
caeity  at  SRRC  woald  have  nmilar  piopertief  to  that  of 
If  AX-lab,  so  we  used  the  MAX-lab  valnes  R2  =  0.6  MO, 
aad  Qi  =  10,000.  Fot  the  paiadtic  mode  driving  the 
confded  bunch  instability,  we  nsed  a  frequency  1.5  times 
the  fundamental  frequency,  and  an  impedance  of  0.02  MO. 
Results  an  shown  in  Fig.  1  for  the  case  of  two  identi¬ 
cal  passive  cavities,  which  weie  modeled  as  a  single  cavity 
with  IZ3  =  1.2  MO.  Fot  a  ring  cuirent  of  60  mA  ot  less, 
radiation  and  Landau  damping  ate  sufficient  to  prevent 
the  coupled  bunch  instability  in  the  absence  of  a  higher 
harmonic  cavity,  as  shown  by  the  results  for  passive  cavity 
tuning  angles  of  ±90  degrees.  The  coupled-bunch  insta¬ 
bility  can  be  suppressed  at  all  currents  up  to  the  desired 
maximum  current  of  200  mA.  Similar  r<*?nlts  were  obtained 
with  a  sin^e  passive  cavity. 


tuning  angle  (degrees) 


Figure  1.  Instabilities  ate  predicted  fot  a  range  of  ting 
currents  and  passive  cavity  tuning  angles,  fot  the  case  of 
two  identical  third-harmonic  cavities  at  SRRC. 

-  :  coupled-bunch  instability 
I  :  Robinson  instability 
/  :  equilibrium  phase  instability 
\  :  there  is  no  equihbrium  phase 


Figure  2:  Bunchlength  versus  passive-cavity  tuning  an¬ 
gle  for  a  200  mA  current  at  SRRC.  The  dashed  line  shows 
the  results  of  a  single  third-harmonic  cavity,  while  the  sdid 
line  describes  two  third-harmonic  cavities. 


In  Figure  2,  we  consider  one  or  two  third-harmonk  cav¬ 
ities,  and  show  the  bunchlength  versus  the  pasrive  cavity 
tuning  angle  for  a  ring  curent  of  200  mA.  For  stabk  op- 
eration,  the  bunchlength  can  be  modified  in  the  range  of 
21-35  ps  with  a  single  passive  cavity,  aad  18-60  ps  with 
two  identical  third-harmonic  cavities.  Vl^th  a  single  pas¬ 
sive  cavity,  a  pasrive  cavity  power  disripatioa  of  25  kW  is 
required  to  stabilise  the  coupled  bunch  instability.  With 
two  pasrive  cavities,  about  10  kW  per  cavity  must  be  dissi¬ 
pated  with  a  tuning  angle  of  -60  degrees.  If  a  tuning  angle 
of  -48  degrees  is  nsed  to  maximise  the  bunchlength,  16 
kW  per  cavity  must  be  dissipated.  We  estimate  that  the 
Touschek  lifetime  will  be  proportional  to  the  bunchkagth 
within  about  10  percent. 

4  Summary 

An  algorithm  has  been  developed  to  evaluate  inst^nlity 
behavior  with  a  pasrive  higher-harmonic  cavity.  For  the 
electron  storage  ring  at  SRRC,  our  results  support  the 
feasibility  of  using  one  or  two  third-harmonic  cavities  to 
suppress  coupled-bunch  instabilities.  Two  cavities  may 
be  used  to  substantially  increase  the  bunchlength  and  the 
Touschek  lifetime. 
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Ahinei 

The  location  of  a  liner  inskk  the  collider  beam  tube  is 
being  studied  at  the  SSC  Laboratory,  in  order  to  provide 
a  synchrotron  radiation  intercept  and  to  help  enhance  the 
vacuum.  There  will  be  wake  fields  propagai^  inside  the 
liner  following  the  beam  fields  incident  on  the  pumping 
holes/slots  on  the  liner.  The  effect  of  the  wake  fields  may 
be  expressed  through  coupling  impedances.  This  p^er 
describes  a  method  to  evaluate  the  kmgitudinal  coupling 
impedance  of  slots/holes  on  the  liner  for  a  large  range  of 
frequencies  (0-60  GHs). 

I.  INTRODUCTION 

The  Superconducting  Sqper  Collider  (SSC)  beam  is 
designed  to  have  an  energy  of  20  TeV.  There  w^  be  syn¬ 
chrotron  radiation  to  reckon  with,  even  though  this  is  a 
proton  beam.  The  location  of  a  liner  inside  the  collider 
beam  tube  is  being  studied  at  the  SSC  Laboratory.  The 
liner  will  serve  as  a  synchrotron  radiation  intercept  and 
also  help  enhance  the  vacuum.  Suitable  pumping  holes 
or  slots  are  required  <m  the  surface  of  the  liner.  These 
pumping  holes  will  result  in  the  propagation  of  wake  fields 
inside  the  liner,  following  the  incident  beam  fields.  The 
effect  of  the  wake  fields  on  successive  bunches  may  be 
evaluated  through  the  coupling  impedances,  which  will  de¬ 
pend  on  the  geometry  and  distribution  of  slots/holes  on 
the  liner.  Coupling  impedances  valid  for  low  frequencies 
have  been  present^  by  .Qluckstem  [1]  and  Kurennoy  [2]. 
A  semi-analytic  expression  for  the  longitudinal  coupling 
iiiq>edan<»  of  slots/holes  valid  for  a  large  range  frequen¬ 
cies  (6-60  GHs)  is  derived  here  and  the  results  are  com¬ 
pared  with  those  from  Refs.  1  and  2  and  with  available 
measurements. 


If  we  Fourier  transform  Eq.(l)  with  /(a;)  = 

/  /(1)exp(jut)dt,  we  obtain 


^  «p(i*^)-  (2) 

In  Eq.(2),  Zo  =  120s’  is  the  impedance  of  free  space. 
Our  task  is  to  calculate  the  diffracted  fidd  and  its  prop¬ 
agation  inside  the  liner  due  to  the  incident  field  given  by 
Eq.(2). 


Figure  1.  Slot  details  and  coordinate  system. 


III.  DERIVATION  OF  WAKE  FIELDS 


11.  DESCRIPTION  OF  THE  PROBLEM 

A  schematic-  of  the  beam  pipe  and  the  liner  is  shown 
in  Figure  1.  The  liner  of  inner  radius  a  and  thickness  A 
is  located  inside  the  beampipe  of  inner  radius  6.  A  slot  of 
length  ts  and  width  d  is  located  on  the  liner.  The  center  of 
the  slot  is  at  z  =  0.  Our  analysis  is  valid  for  round  holes 
also,  and  we  will  use  d  to  denote  the  diameter  of  the  hole. 
The  coordinate  system  is  also  shown  in  Figure  1.  A  sin^^ 
charge  q  travels  along  the  axis  of  the  liner  with  the  speed 
oi  U|^t  c,  and  the  field  at  the  slot  is  given  by 


'Operated  by  the  Uaiveisities  Research  Association,  lac.,  for 
the  U.S.  Department  of  Eaeqpr  nndot  Contract  Ifo.  DE-AC35- 
89ER40486. 


The  charge  relaxation  time  for  our  problem  is  of  the 
order  of  10~'*  s,  and  the  skin  depth  is  of  the  order  of  a  few 
microns.  We  will  use  the  method  outlined  in  Collin  [3]  for 
the  solution  of  our  problem  using  the  wave  guide  normal 
modes  and  the  Lorents  reciprocity  theorem.  We  will  follow 
the  notation  in  Collin  [3]  and  Plonsey  and  Collin  [4].  We 
will  assume  a  time  variation  of  and  n  z  variation  of 
with  u  and  0  being  the  rotational  frequency  and 
the  propagatbn  factor,  respectively.  The  fiel^  are  gov¬ 
erned  by  the  Helmholtz  equation  and  can  be  found  in  [3] 
and  [4].  The  fields  for  the  TM  mode,  which  contributes  to 
the  longitudinal  coupling  impedance,  can  be  expressed  in 
terms  of  the  bngitudinal  electric  field  Ct  given  by 

e*  =  /n(be»*)(A  cos(n0)  -|-  B  8in(n6)^.  (3) 
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The  7m  k  the  Bessel  functicm  oS <»rder  n  with  parameter  kg. 
The  fidd  at  the  inetaUie  wall  at  r  =  a  is  sero.  This  im¬ 
plies  Jnikeo)  =  0,  and  there  ue  doubly  infinite  number  of 
soluticms  Pnm  given  by 

7n(heO)  =  0,  Pnm  —  h®  O,  Tn=  1,2,3....  (4) 

The  corresponding  propagation  factor  is  given  by 


Using  the  ratio  of  normal  modes  with  Pnm  in  the 
Bessel  argxunent,  we  get  the  fdlowing  e]q;>ression  for  the 
tangential  difiracted  electric  field: 


= 


2ira 


EE 


j0nm(,Pnm')  »/ 


(10) 


Jn{P »m) 


0nm  =  (5) 

We  will  also  need  the  propagation  factor  for  rectangular 
slots  with  sides  2ai,26i.  It  is  ipven  by  [4] 


It  should  be  noted  that  the  numerator  of  Eki.(lO)  is 
summed  over  just  n  =  0  since  other  modes  do  not  con¬ 
tribute  to  the  longitudinal  impedance.  The  difiracted  field 
given  by  £q.(9)  will  not  satisfy  the  equation  V  x  E  =  0. 
There  will  be  an  imbalance,  which  we  will  call  the  magnetic 
current  density  7m  >  and  it  will  be  given  by  [3]: 


0nm  =  (6) 

where  k  is  the  wave  number  given  by  j  =  c.  The  propa¬ 
gation  factor  for  the  slot  0*  will  be  hi^  due  to  the  small 
dimensions  of  the  slot.  This  implies  that  the  waves  in¬ 
side  the  slot/hole  will  he  heavily  damped.  The  tangential 
electric  field  is  zero  at  the  waU  everywhere  except  at  the 
slot/hole,  where  it  is  non-zero.  We  will  assume  a  magnetic 
waU  at  the  slot,  and  this  implies  that  the  tangential  field 
at  the  slot/hole  wiU  be  a  maximum  and  the  normal  field 
will  be  zero.  This  will  result  in  maximum  possible  power 
flow  through  the  slot.  Since  the  normal  field  is  zero,  the 
difiracted  electric  field  at  the  slot/hole  will  be  equal  to  the 
negative  of  the  incident  beam  field,  and  the  mode  inside 
the  slot/hole  will  be  a  TE  mode.  In  order  to  calculate 
the  other  coiiq>onents  of  the  dii&acted  field  at  the  slot,  we 
can  use  the  field  continuity  criterion  given  by  the  following 
equation: 


7m  ~  ~fio  ^  ~  (II) 

We  can  consider  the  7m  at  the  slot  as  an  oscillating  source 
and  compute  the  radiated  fields  in  the  -l-ve  and  -ve  direc¬ 
tions  using  the  Lorentz  reciprocity  theorem  [3]: 

j  j{EtixH,-E,xHt^)hd$ 

=  J  J  J{J.Ef^-HtJm)dv.  (12) 

The  radiated  fields  in  the  -i-ve  and  -ve  directions  can  be 
expressed  by  the  normal  modes  multiplied  by  sq>propriate 
coefficients  [3],  and  we  can  derive  the  following  coefficients 
for  the  wake  fields.  The  coefficients  have  been  generalized 
with  two  indices  n,  m  corresponding  to  the  B«sel  modes 
and  the  roots  corresponding  to  every  mode.  Further,  the 
field  Emx  has  been  multiplied  by  a  factor  Gnm  to  decompose 
it  into  components  corresponding  to  the  nth  mode  and 
normalized  by  a  factor  /„m : 


1 

0^M,nm 

^M,nm 

dr 

_  JnjPnmrla) 


liner 


dn(,Pnm^/d) 
1 

e,  dr 


tiot 


=  -0*-  (7) 


We  have  used  the  upper  case  Pnm  in  Eq.(7)  to  dis¬ 
tinguish  it  from  the  lower  case  p„m  used  in  Eq.(4),  which 
describes  the  boundary  condition  at  the  wall  everywhere 
but  at  the  slot/h<de.  we  assume  the  coefficients  for  the 
normal  modes  to  be  a  constant,  Eq.(7)  will  be  satisfied  for 
the  sums  <fi  normal  noodes.  The  following  equation  results, 
and  we  can  solve  it  to  obtain  the  Pnm- 


Gnm 


=  \j  j  H-.h,Exx^adBdz 


$lot 


^nm  =  IJ  j  H+.h,  E„^  adSdz 


slot 


The  factor  Gnm  is  given  by 


^nm  —  i. 


(Pnm) 


(13) 


(14) 


(15) 


PnmJ'nKPnm)  +  a/?*  7„(P„m)  =  0.  (8) 

The  noagnetic  waU  at  the  slot  results  in  the  follow¬ 
ing  equation,  where  a  subscript,  s  denotes  the  difiracted 
(radiated)  fields: 

E„  =  hn.E,  =  -Et  = 


IV.  THE  LONGITUDINAL 
COUPLING  IMPEDANCE 

The  longitudinal  coupling  impedance  Z{u)  is  defined 
as  follows  [1,2]: 

Z(u)  =  --  r  E,(r  =  0,tf  =  0)c-''**  dz.  (16) 
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Itamg  the  expteseioiu  fc»  the  wake  field*  derived  before, 

weget 


Ziu) 


Zpd  8in(jbu;) 

m  ^  pL 


X 


X 


EE 


~j0nmiP tm)  <* 
Pnm 
1 


J'niPnm) 


EE 


A»m(Pnm)  ** 


Pnm 


JniPnm) 


(17) 


In  the  low  frequency  limit,  ffnm  =  and  8in(ibw)  « 
kw,  and  the  impedance  is  found  to  be 


Z{u)  w 


-j[ 


ciZowdk 

2x^0 


+ 


C2Zow^dk 

2x^a^ 


+  •••]. 


(18) 


where  ci ,  cj  are  constants.  The  second  term  reduces  to  the 
expression  in  [1,2]  with  w  =  d  =  2A  for  a  round  hole  with 
radius  R,  but  for  the  constant  of  proportionality. 


V.  RESULTS  AND  DISCUSSION 

Calculation  of  the  impedance  for  given  slot/hole  di¬ 
mensions  involves  solution  of  Eqs.(4)  and  (8)  for  the  roots 
Pnm  and  Pnm  and  summing  up  the  series  in  Eq.(17)  for  a 
given  k.  Computations  were  carried  out  for  various  slots 
and  h<^  for  a  liner  radius  of  0.0165  m.  The  impedances 
for  2-,  3-,  and  4-nun  holes  in  the  frequency  range  0-5  GHz 
are  shown  in  Figure  2;  they  are  compared  with  the  impe¬ 
dance  Zf  from  [1]  and  also  with  measured  data  from  E.Ruiz 
et  al.  [5].  The  imasured  values  are  less  than  Zg  and  the 
in^tedances  from  the  present  computations  are  less  than 
'ven  the  measured  values.  The  differences  ue  much  less 
for  holes  of  2,  3-mm  diameter.  The  impedances  of  slots 
of  different  depths  d  and  same  width  w  are  shown  in  Fig¬ 
ure  3.  The  slot  areas  have  been  maintained  the  same  for 
comparison.  The  impedance  is  found  to  decrease  with  the 
depth  d.  The  behavior  of  the  real  and  imaginary  puts  of 
the  impedances  Zr  and  Zi  for  2-  and  3-mm  square  slots  for 
a  range  of  0-60  GHz  is  shown  in  Figure  4.  The  impedance 
is  inductive  for  lower  frequencies,  capacitive  for  larger  fre¬ 
quencies,  and  reduces  to  zero  for  very  large  frequencies. 
The  impedances  decrease  as  k~^  for  large  frequencies,  as 
shown  by  Eq.(17).  The  Zr  is  negative  for  cert^  frequen¬ 
ces  ;  this  u  due  to  the  truncation  error  in  the  series  (with 
n  s:  7  and  m  =  39)  amplified  by  the  term  sin(ku;).  The 
advantage  of  the  present  formulation  is  that  it  is  valid  for 
a  large  range  of  frequencies  and  u  valid  for  slots  or  holes. 


Figure  2.  Impedances  for  2-,  3-,  and  4-0^11  holes. 


Figure  3.  Impedances  of  slots  with  different  depths. 


Figure  4.  Behavior  of  the  real  and  imaginary  parts  of  the 
impedances. 
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iltemer 

baertioii  devke  peribrmince  is  Hmitwit  by  die  tniwimom 
magnet  §tp  allowed  1^  gtaagp  ring  beam  dynamica.  b  due 
note,  we  analyze  die  impedance  of  die  yteaam  diamber  for 
dw  pniloQfpe  anzdl-gqi  nndulator  being  built  for  die  NSLS  X- 
Rqr  ring,  and  ducuaa  die  consequent  beam  instability 
duedudds. 


I.  INTRODUCTION 

In  Older  to  optimize  insertion  device  poformance,  we 
widi  to  operate  widi  die  nunimum  magnet  gap  allowed  by  the 
dectron  beam  ifynamics.  A  {uototype  mall  gq>  undula^l] 
(PSOU)  is  under  construction  for  use  in  die  X13  strai^t 
section  of  die  X*Ray  ring.  In  diis  note  we  consider  the 
impedance  of  die  PTCU  variaUe  ^lerture  vacuum  chamber 
and  discuss  its  effect  on  beam  stabilily. 

The  PSGU  diamber  is  made  or' 1  mm  diidc  stainless  steel, 
and  is  ipproiimately  30  cm  in  lengdL  Itbasanittnerapmture 
vdudi  can  be  adjust^  Cram  20  mm  down  to  2  mm  (foil).  The 
device  is  situated  at  die  center  of  a  Iow-|3  insertion  having 
values  of  the  betatron  functions  0^  >=  1.5  m  and  *=  0.33 
m  at  the  insertion  center.  The  smell  vdue  of  die  vmtical 
betatron  function  significandy  reduces  die  effect  of  die 
duunber’s  transverse  impedance  on  die  stalulity  of  die  vertical 
betatron  oscillations.  Our  results  indicate  diat  beam  stability 
should  be  mnmtained  widi  a  4  mm  irmw  vertical  iperture.  A 
more  detailed  description  of  diis  work  is  given  in  ref.  2. 

n.  RESISTIVE  WALL  IMPEDANCE 

hi  die  snndl  gqi  undulator,  the  vacuum  chamber  is 
comfuised  of  1  mm  duck  stainless  steel,  with  resistivity 
p  ->  80  X  10^  0-m.  The  circumference  of  the  X-Ray  ring  is 
170  m,  so  the  efiective  radius  R  =  27  m.  At  the  arigular 
rewolutioo  frapien^  *=  c/R  «  11  MHz,  the  ddn  dqidi  in 
die  chamber  is  «  0.34  mm  and  the  surfece  inqiedance  is 
Z,  -  (1  -  .  where  It,  -  p/8,  -  2.4  x  10’’  Q  . 

The  longitudmal  resistive  wall  impedance  at  die  ndi  hamxnuc 
of  die  revolution  firequency,  a  «  ia[3] 

Z-e-V 

*Woik  performed  under  die  auqnces  of  the  U.S.  Dqmrtment 
of  Energy  under  contract  DE'ACX)2-76CH00016. 


uhete  /  is  die  lengdi  of  die  snudl  gtp  chandler  and  a  is  die 
distance  of  die  dectron  beam  to  the  chanibn  wall. 

A.  Power  Diss^mtion 

hi  die  case  of  one  bundi  widi  DC  current  L  (Amperes), 
die  poww  dissipation  in  die  diamber  is 

P  (JfeZ>'*’*^  ,  (2.2) 


where  oi  =  ejc  is  the  one  standard  deviation  bunch  lengdi 
divided  by  the  qieed  of  light.  ApfMoximatiiig  die  sum  by  an 
integral,  one  obtains[4] 

(2.3) 

(«.o>w 

vihere  die  gamma  function  r(3/4)  »  1.2  can  be  qiproximated 
by  unity.  When  an  average  current  ^  is  distributed 
uniformly  in  M  bunches,  die  power  dissipation  is 


We  now  consider  die  parameters: 

diandier  length 
effective  radius 
bundi  lengdi 


f  =  0.3  m 
R  =  27  m 
(T,  0.05  m 


In  the  case  of  a  1  mm,  we  find 

I,^  M  P 

0.25  Anqi  25  3.5  watt 

0.25  5  17.5 

0.10  1  14.0 


B.  Jhmsverse  Cotqtled  Bundi  Instability 

The  transverse  resistive  wall  inqiedance  Zj^  is  rdated  to 
the  Icmgitudiiud  inqiedance  Z  |  by[3] 

2Jt  t  ,  1 


Z  -Mfl _ . 

«»  a  0*  2*a  *  ^ 


(2.5) 
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11m»  tnofvwM  inpMiaace  caa  give  riae  to  a  tnusvene  coupled 
bmA  tnatddlity.  Hie  giowdi  ntte  of  the  ftsteat  growing 
oQopled  baadi  mode  18(5] 


Av 


4kB 


(2.11) 


nAera  /}*  ia  the  avenge  value  of  ihe  vertical  betatron  function 
in  die  oaall  giqi  duunher,  wliidi  in  our  case  is  i^iproximately 
given  by  die  mminuini  value  in  die  inswtion  (fil*  •  0.33  m). 
E  «•  2.S  GeV  is  die  ekctron  energy  and  q  =  0.2  is  the 
fnKtional  part  of  the  vertical  betatron  tune  «  6.2.  Taking 
f  »  0.3  m,  R  <■  27  m,  we  find  fnm  Eq.  (2.7) 


ibZ. 


6  X  10* 
teCsMi)]* 


Olm  , 


(2.7) 


and  from  Eq.  (2.8) 


udwre  is  the  maximum  value  of  the  wakefidd,  and  Q  ■■ 
Ne  is  die  total  duuge  of  dw  electron  bundi.  The  thrediold  of 
die  strong  head  tail  instability  is  expected  to  occur  wfaeo(6] 

Av  ■  V,  ,  (2. 12) 


where  r,  is  die  ^nchrotion  oscilladon  tune,  which  in  the  X- 
Ray  ring  has  a  value  r,  «  2  x  19'^. 


The  maximum  value  of  the  transverse  wakefield  is 
found  from  Eq.  (2. 17)  to  be 


4.7  X  10“ 

fo(SM)]* 


Q/si*s , 


(2.13) 


-L  -  (720  sec-‘)  — ^2—  .  (2.8) 

V  W*«)f 

The  radiation  damping  time  is  5  msec  at  2.S  GeV,  hence 
radirtion  damping  is  sufficient  to  provide  stability  at  0.25 
Amp.  In  fimt,  the  head-tail  damp^  arising  from  running 
widi  positive  diromaticity  is  stronger  dum  radiation  damping, 
so  transverse  inatabiliQr  diould  not  be  a  i»oblmn  due  to 
coiqiled  bundi  effects  even  fiir  a  >=  1  mm. 

C.  Strong  Htad'TaU  InstabiUty 

The  shut  raiige  part  of  die  transverse  resistive  wail 
wakefidd  can  give  rise  to  die  strong  head-tail  instalnlity,  a 
single  bunch  efifoct. 

The  resistive  wall  wakefidd  resulting  from  a  Gaussian 
bunch  is 


for  0,  »  0.05  m.  An  averam  current  of  1  Amp  in  a  single 
bundi  corresponds  to  3  x  10“  electrons,  or  a  told  charge  Q 
«  480  nC.  Taking  /  =  0.3  m,  =  0.33  m,  E  =  2.5  GeV, 
die  tune  diift  defined  in  Eq.  (2.16)  is 


Av 


8  X  10-* 


/.(day) 

Wsw)]* 


(2.14) 


For  100  ma  in  a  single  bunch  and  a  =  1  mm,  we  find  As  « 
0.8  X  lO*^,  vriiich  is  slightly  less  than  the  synchrotron  tune  r, 
»  2  X  10^.  We  should  be  close  to  dirediold  for  the  strong 
head  tail  instability  in  this  case.  However,  taking  a  «  2  mm, 
die  tune  shift  is  reduced  to  Ai*  10^,  wdl  bdow  dueshold. 
If  in  addition,  we  consider  250  ma  oniftmuly  distributed  in  25 
bunches,  then  I^  =  10  ma,  and  die  tune  shift  Ar  <=  10*^. 
Thmefore,  in  diis  operating  case,  we  are  very  fw  from  die 
direshold  of  die  stnmg  head  tail  instability. 


KO*  \ 


(2.9) 


g(«)  »  /’  e-^i>dx  (2. 10) 


The  function  g(()  is  plotted  in  Fig.  1  of  ref.  2,  for 
-3  ^  I  £  3.  Tte  maximum  vdue  of  g(()  is  t  1-28. 

Let  us  define  die  tune  drift 


Fig.  1.  Profile  of  cylindrical  scrqier  widi  inner 
radius  a,  outer  radius  b,  and  tqiCT  angle  6. 
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m.TRANSVERSEQEOMETRICWAKEFIELD 

Bne  aad  MortooTT]  haivv  oooiiderad  die  tnuuvene 
wdc^eld  oi  •  ■ciiper.  at  ilhialfi^  in  Fig.  1.  Th^ 
ooandeeed  •  perftctty  ooadBctM^  cylindrical  tidie,  and  found 
fliat  wImo  e,  a,  ttanavene  geometric  wakefidd  for  a 
Oauaaian  Inmdi  ia  wdl  appronmated  by 

IT iM  109  jnag)(3.1) 
»*\*/  VS*e« 

\4MBn  Zq  »  377  Q.  Taking  $  »  t/2  and  e,  «  O.OS  m,  we 
obtain 

WJfi)  -  Qlm  (3.2) 

a(>wa) 


The  nault  of  Eq.  (3.2)  can  be  ccHiqiand  with  the 
mwinami  of  die  leaistive  wall  wakefidd  given  in  Eq.  (2.13), 
f  -  0.3  m. 


4rj 


1.6  X  10“ 

MaaN)]> 


Qlm 


(3.3) 


It  is  seen  dud  fiv  a  »  1  mm,  die  redstive  wakefidd  of  Eq. 
Q.3)  is  larger  dum  die  geometric  wakefidd  of  Eq.  (3.2). 
When  a  »  2  mm.  die  two  are  iqi|Moximntdy  of  equd 
magmtnde.  For  a  >  2  mm,  die  geometric  wdwfidd  of  Eq. 
(3.3)  will  dominate.  We  can  reduce  die  geometric  wakefield 
by  tqming  die  ends  of  die  small  gqi  chamber,  i.e.  choodng 
d  to  to  small. 

W.LONGITUDINALGEOMETRICWAKEFIELD 

When  a  bunch  parses  through  the  small  qierture  chsnber 
illustrated  in  Fig.  1,  dme  is  a  longitudinal  effect  due  to  die 
longitudind  gemnetric  wakefield.  This  wakefidd  has  a 
qnditativdy  difforent  duuacter  dqiending  on  idiedier  die 
tnmch  lengdi  is  long,  ajh  >  1,  or  dioit,  ojh  <  1.  When 
ajb  is  small  compared  to  unity,  die  beam  will  radiate  energy; 
vdien  ojh  is  large  almost  no  enmgy  will  to  radiated  and  the 
wakefidd  will  to  inductive. 

hi  die  case  of  dw  X-Ray  ring  we  can  restrict  our  attmtion 
to  the  regime  of  a  kog  bnoA.  For  a  long  bunch,  it  is  known 
diat  udben  (bHi)/a  $  1  the  inductance  is  propwtiond  to(8]  (b- 
a)^.  For  die  present  qifdication  we  would  like  to  know  die 
inductMiceiidiM(b-a)/a  is  large  compared  to  1.  Todetermiiw 
dus,  we  carried  out  a  study  using  die  conqnrter  program 
TBCI.[9]  We  first  determined  the  wakefidd  of  a  long  bundi, 
and  fit  die  result  to  dw  derivative  of  dw  (Gaussian)  bunch 
distribution  in  order  to  find  dw  inductance  L  according  to 

W  -  ~  Ldp4t  .  (4.1) 


The  result  is  dwt  aqrmplotically  (fos  vtty  long  bunches),  dw 
inductanoe  is  wen-approximBted  by 


Furdwr  discussion  of  this  result  is  given  in  rrf.  2. 

We  have  also  considered  the  sensitivity  of  dw  inductanoe 
to  bunch  lengdi.  We  find  that  as  long  as  <r^  1,  dw 

mimerical  result  is  wdl-approximated  by  mult^lyingEq.  (4.2) 
by  dw  fiwtor 


(4.3) 


To  spply  these  results  to  dw  small  qierture  unduUtor 
chsmbm  we  considw  the  parametMS  a  »  2  mm,  b  »  1  cm 
and  01  =  5  cm.  An  inductance  of  2  nH  (9  =  90*)  is 
inrignificant,  coiroqianding  to 

Zln^  0.02  Q  . 
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ABSTRACT 


Fourier  amplitude  of  the  radial  field  is 


A  formula  for  the  hmiptudinal  coupling  impedance  at  fro- 
quencies  above  <»  below  the  tube  cut-off  is  derived.  The 
rnond  tube  is  infimte  in  tength,  and  has  an  arbitrary, 
smooth  variatioB  of  radius  over  a  finite  interval. 

1.  DERIVATION  OF  THE  EQUATION 

The  method  described  here  may  be  a  useful  com¬ 
ponent  to  general  purpose  programs  for  computation  of 
fidds,  eq>ecially  few  high  frequoacy  phenomena.  Based  on 
a  Ryrtem  of  integro-  algebraic  equations,  it  gives  analytic 
formulas  for  a  first  ^>prai]dmation,  and  also  a  numerical 
tedinique  for  voy  accurate  solutions.  A  first  report  on 
the  analytic  and  numerical  results  was  given  in  [1].  Here 
I  review  the  analjrtic  m)proadli  and  give  an  example.  Hm 
rbethod  will  be  described  for  the  case  of  the  longitudi¬ 
nal  impedance  in  a  tube  with  drcular  cross  section  and 
infinite  conductivity.  It  can  be  extended  to  treat  trans¬ 
verse  fields,  wall  resistance,  and  pipes  of  rectangular  cross 
section. 

We  take  cylindrical  coordinates  (r,  z)  and  suppose 
that  the  tube  radius  »  givtai  as  iZ(z)  s  6-es(z),  where  the 
function  s(z)  is  sero  for  |z|  >  p,  and  not  neccmarily  even 
in  z.  We  assume  that  s  has  a  continuous  first  derivative  s', 
normalised  so  that  maxis'!  s  1;  thus  s'(±p)  =  0.  With 
tiiis  normalisation,  e  measures  the  effective  strength  of  the 
wall,  perturbation;  a  perturbative  method  may  succeed  if 
e  is  small  compared  to  1. 

We  work  in  the  frequency  domain,  with  the  time  de- 
poidence  exp(— iud).  Attenrion  is  restricted  to  positive 
values  of  w,  wUch  s^ce  to  express  the  wake  field,  thanls 
to  the  reflection  property  of  the  impedance,  Z(u)  = 
The  source  is  assumed  to  be  axitymmetric, 
a  ri(pd  btmch  with  total  charge  q  and  charge  deimty 
-  (g/2s')A(*  -  0et)f{r)  where  /  X{z)dz  =  1, 
f  f{r)rdr  1.  It  follows  that  the  only  non-zero  fields  are 
(Eg,  Er,  H^),  all  independent  of  All  fields  may  be 
expressed  in  terms  of  which  can  be  written  as 

r.(r,x,«)  =  jf  -I- «,(r,z.«) ,  (1) 

vAete  s  k’  —  (w/c)^,  and  is  the  modified  Bessel 
function  d  the  first  kind.  Hie  Fourier  tranrform  e,  of  the 
source  term  ^  any  particular  solution  of  the  inhomoge¬ 
neous  radial  Virave  equatkm  for  E,,  regular  at  r  s  0.  The 

*  Work  sapported  by  the  Departmeat  of  Energy,  contract 
DE-AC03-76SF0esl8. 


Er{r,k,u) 


ik  dEt{r,k,u) 
X’ 


(2) 


The  function  /•(xk)  has  simple  zeros  in  the  k-plane 
at  the  points  k  —  ±k, ,  s  =  1, 2,  •  •  •,  where  k,  =  ((w6/c)*  - 
is  defined  to  be  positive  for  |a;k/e|  >  and  pos¬ 
itive  imaginary  for  |u6/c|  <  the  Jm  ere  the  positive 
zeros  of  t^e  Bessel  function  Jo-  At  any  frequency  above 
the  lowest  cutoff  {uth/e  =  j^i),  there  are  zeros  on  the  real 
axis.  To  dodge  the  corresponding  teal  poles  of  the  inte¬ 
grand  in  (1),  the  cmitour  F  follows  the  real  axis  but  is 
indented  slij^tly  so  as  to  go  above  the  poles  at  k  =  -k« 
and  below  those  at  k  =  k*.  Hiis  choice  enforces  the  out¬ 
going  wave  boundary  conditi(Mi  [2];  (see  the  discussion  in 
the  last  section  of  Ref.[l]).  We  have  assumed  that  a(k,u) 
is  analjrtic  in  k;  our  cmistruetion  of  solutions  will  in  fact 
yield  an  mtire  function  of  k. 

Hie  boundary  conditiem  on  the  wall  is  that  E  s 
(Er,  Eg)  be  perpendicular  to  the  tangent  vect. .  *{,  dz), 

or 

Egili(z),z,ut)  +  Ji!(z)EriRiz),  z,u)  =:  0 .  (3) 


This  condition  leads  to  an  equation  for  a(k,w)  through 
the  following  steps:  (i)  write  £;  as  in  (1),  and  the  corre¬ 
sponding  expresrion  for  Er  constructed  frmn  (2);  (ii)  take 
the  Fourier  transform  of  (3)  with  respect  to  z;  (iii)  sub¬ 
tract  /«(x^)  from  Ig(xE(z))  in  the  integrand,  and  notice 
that  the  compensating  addition  gives  6(k  - 1).  The  result 
is 

a(l,w)  =  /  dkM(l,  k,«)a(k,ar)  +  S(l,w) ,  (4) 

Jr 


where 


1  e** 


and  5  is  the  Fourier  tranrform  of 

S(z,u)  =  -  r  dke*^* 

00 


(5) 


(6) 


Henceforth  we  treat  only  the  relativistic  limit.  In  that 
limit  the  source  term  takes  on  the  simple  form 


(7) 


0-7i09-1203-l/93S034»e  1993 1EH3 


3378 


Bdow  cutoff,  (4)  it  an  intqpral  equation  [3]  f<» 
a(ft,w).  Above  cutoff  it  it  an  integro-algebraic  equation, 
nnce  the  values  a(b,w)  at  the  p<des  on  the  real  axis  con¬ 
stitute  a  discrete  wt  of  unknowns  to  be  determined  along 
with  the  continuous,  nonpolar  part.  These  values  deter¬ 
mine  the  amplitudes  oS  outgdng  waves. 

By  reversing  the  order  of  integrals  we  see  that  any 
solution  of  (4)  may  be  written  in  the  form 

«(*.«*»)  =  ^  e-«**(r,«)dr .  (8) 

Since  the  the  region  of  integration  is  finite,  a(k,u)  is  an 
entire  function  of  k,  as  promised. 


3.  FORMULA  FOR  THE  IMPEDANCE 


An  integration  by  parts  on  the  first  two  terms  of  (5) 
puts  the  kernel  in  the  form 


2»  x(*-0  J-t  ^  ’  h(xf>) 


(9) 

This  shows  that  the  kernd  is  formally  0(e),  and  there¬ 
fore  suggests  that  the  equation  (4)  might  be  solved  by 
iteration  when  e  is  small.  The  first  iq>praximation  is 
obtained  by  putting  a  =  ^  under  the  integral  in  (4). 
Since  the  impedance  is  proportional  to  a(u/e,u),  and 
S(u/e,u)  =  0,  the  lowest  order  impedance  is  O(e^). 

To  evaluate  the  ^proximated  integral  of  (4)  at  the 
synchronous  point  k  s  w/e  we  express  J  in  terms  of  its 
Fourier  transform  and  reverse  integration  order  to  obtain 


a(u/e,u) 

^  j’ dze-^*l*F!(z)  J'dz'S(z>,u>)K(z,z\u>), 
where 


K(z,/,u)  =  f  .  (n) 

'  ’  ’  ^  2x1  c  yr  XW)  '  ' 


The  integral  (11)  converges  exponentially  if  iZ  <  b,  but 
diverges  for  R>  b.  The  divergence  is  an  unwanted  limi¬ 
tation  since  we  wish  to  allow  arbitrary  R.  By  performing 
a  ccmtour  distortion  one  can  continue  the  integral  analyt¬ 
ically  from  R  <  b  io  R  >  h,  and  incidentally  gain  other 
benefits.  Taking  R  <  &  we  let  the  contour  become  an  in¬ 
finite  semi-circle  in  the  upper  (lower)  half-plane  for  z  —  s' 
positive  (negative).  The  result  is 


K(z,z',u)  = 


w  ^  «fi(iwR(g)/b) 

c^M«)Wi(i«) 


(12) 


For  z  s'  the  sums  converge  exp<»ientially,  regardless  of 
the  value  of  R.  At  z  =  s'  and  R  s  b  the  sum  diverges, 
but  if  the  integral  on  s'  is  performed  first  there  will  be 
an  extra  inverse  power  of  k,  and  quadratic  convergoice, 
unifcnmin  R. 


Hie  f(»mula(10)  now  invcdves  powers  <ff<  higha  than 
the  second  through  ^  presence  of  R(z)  in  the  denomina¬ 
tor  of  (7)  and  in  (12).  To  pidi  out  just  the  ^  part  we  put 
R(z)  s  b  in  both  lotions.  Invoking  the  usual  definition 
of  the  impedance  in  torms  of  the  wake  potential,  we  find 
Z(u)  =  —2it^ulc,u)l(qX(ulc)).  TTien  from  (7),  (10), 
and  (12)  we  have  the  impedance  to  lowest  order  in  e  as 


‘  s'(*)s'(«)e***t"M*-«l-M»-»)/* . 


(13) 


Below  cutoff  the  k,  are  all  positive  imaginary,  and  the 
impedance  is  reactive  as  required;  (the  integral  is  real, 
since  the  integrand  goes  into  its  complex  cmgugate  on 
z  — u). 

A  clostt  look  shows  that  the  formula  (13)  is  actually 
invalid  f<»  the  frequency  (>;  in  a  small  noghborhood 
each  traveling  wave  cutoff,  where  ub/e  =:  The  kemd 

K  has  an  inverse  square-root  singularity  at  such  points, 
owing  to  the  factor  \/k,  in  (12).  It  is  therdwe  not  small 
near  such  frequencies,  and  the  iterative  method  fails.  The 
same  angularity  appears  in  the  field  expansion  (1),  frcnn 
the  residue  of  the  pole  as  it  strikes  the  real  axis.  It  is  can¬ 
celled  by  a  corresponding  sero  of  a(k,u)  at  k  =  ±k(,  so 
that  the  amplitude  of  the  newly  appearing  outgiwg  wave 
is  finite.  We  have  verified  that  this  mechanism  operates 
in  the  numerical  calculation  of  Ref.[l],  but  it  is  a  ‘haonper- 
turbative”  effect  that  cannot  take  place  in  a  lowest  order 
calculation.  In  plotting  results  from  (13),  we  delete  small 
neighborhoods  of  the  bad  points,  and  let  the  plotting  pro¬ 
gram  interpolate  nearby  values  to  fill  in  the  g^w.  Hus 
is  justified  by  the  smooth  beha[5  vior  of  Z  found  in  the 
numerical  solutions. 

As  an  example  for  arbitrary  frequency,  we  take  5(z)  = 
d(l  +  cos(xpz/p))/2,  where  p  is  an  odd  integer,  thus  e  = 
xp|d|/(2y).  An  exact  evaluation  of  (13)  for  this  model 
yidds 

Z(u,)  =  [-i^[h(«)  +  h(-w)] 

(14) 

where 


h(u)=z 


ML 
f/.(0  ’ 


/(*,«)  = 


4  =  + 

g  e  ^  g 

1  —  exp[2i(k  —  u/e)g] 

b^((k-U,/c)3-(xp/p)»]»- 


(15) 


The  first  term  is  imaginary  at  all  w,  and  so  is  the  sum  for 
s  >  Sni>  Hie  sum  for  s  <  Sm  is  complex,  and  of  course 
present  only  above  cutoff.  Its  real  part  is  nonnegative  as 
it  should  be,  corresponding  to  energy  lost  by  the  bunch 
to  outgoing  waves.  The  term  h(-u)  has  poles,  but  they 
ate  cancdled  by  corresponding  pdes  in  the  sum  on  s. 
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figaiw  1  and  3  alMw  a  tiM  ml  «id  imagiBaiy  pwU 
offtiiiB«la(t4)fi>rps5, 6  s  lan.f  s  12cm,  d  s  0.13cm, 
Urn  e  s  O.OTf .  Tl^  frequency  nage  (up  to  143  GHt)  ie 
to  eempute  tbe  wake  potcati^  (d  a  Gauenan 
buacli  of  Irngth  a  s  1.2mm.  Nothing  pKventa  a  tieai- 
meat  rtill  hitter  freqaendee.  Figum  3  ehowe  the  wake 
voltage  owMepimding  to  the  impedance  of  Figutee  1  and 
2,  ae  a  fimet^  of  the  dietaace  from  the  center  of  the 
Gauenan  bundi  (pontive  in  frtmt),  in  units  dto^  1.2mm; 
a  poeitive  voltage  meane  energy  loes.  TIm  pereietent  “ring* 
ie^  behind  the  bunch  is  due  to  the  narrow  low  frequency 
resonance  (w6/e  m  2.365) 

la  llef.(l],  accuracy  of  numerical  eolutions  was  tested 
by  checking  ^e  boundary  condition  (3).  The  same  can 
be  dime  in  the  analytic  approach  if  we  compute  a{k,u)  to 
order  e’  for  genmal  k  then  construct  the  fields  from  (1). 

I  wish  to  thank  Robert  Gluckstem,  Karl  Bane,  and 
J.  Scott  Berg  for  much  good  advice  and  technical  help. 
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Abstract 

Beam  current  bench  tests  and  simulations.  e.g.  with  beam 
monitoR,  are  of  interest  for  diagnostic  purposes.  Ftvhighly- 
reladvistic  tests,  the  common  coaxial  wire  method  may  te 
used.  In  contrast,  a  configuration  for  non-ieladvistk  beams 
was  devised  fortransverse  impedance  measurements.  Wehave 
combined  the  two  approaches  to  permit  both  frequency  and 
time  domain  low*b<^  bench  tests  of  the  line  charge,  and  of 
the  longitudinal  beam  impedance.  The  basic  structure  is  of 
coaxial  SO  Q  geometry,  where  the  outer  diameter  matches  the 
beam-pipe  diameter  of  COSY,  while  the  inner  conductor  car¬ 
ries,  both  around  the  azimuth  and  along  the  axis,  suitable  pin- 
and-loop  arrays  for  imposing  electric  and  ntagnelic  fields,  re- 
qrecdvdy.  The  arrays  ensure  nearly  azimuthal  (coaxial)  sym¬ 
metry,  arid  are  wired  via  delay  lines  such  that  axially  varying 
field  patterns  may  be  generated,  permitting  the  simulation  of  a 
broad  beta  range.  We  use  staridard  measurement  techniques 
with  a  network  analyzer  at  a  firequency  range  from  SOO  kHz  up 
to  100  MHz.  A  cafibratkm  procedure,  measuring  fidd  pick¬ 
up  via  coupling  lo<^  and  pins  installed  in  the  outer  beam 
pipe  wall,  ensures  the  correct  lEI^BI  ratio. 

1.  INTRODUCTION 

The  coaxial-wire  method  is  commonly  employed  for  simu¬ 
lating  a  field  configuration  inside  the  beam  pipe,  that  is  simi¬ 
lar  to  fields  generated  by  a  highly  relativistic  beam,  i.e.  p  -  1, 
where  P  is  the  ratio  of  the  bew  velocity  to  the  speed  of  light 
in  vacuum.  In  this  case  fields  are  closely  approximated  by 
ttKxies  of  TEM-type.  CcHrespondingly,  transverse  highly  rela¬ 
tivistic  modes  ate  suitably  modelled  by  the  common  two-wire 
method,  driven  in  balanced-line,  or,  reqrectively,  the  single- 
wire-plus-ground-plane  method.[l,2]  To  apinroximate  the 
situation  of  transverse  modes  of  a  low-beta  beam  more  reali¬ 
stically,  a  delayed  loop-and-pin  structure  was  devised,  incorpo¬ 
rating  in  addition  a  metallic  sytnmRry-plmie.[2,3]  This  struc¬ 
ture  was  used  to  characterize  a  meander-shaped  slow-wave 
pick-up  structure  used  for  stochastic  cooling  at  low  beta. 

Itoe,  we  present  a  similar  set-up,  although  topologically 
diffoent  in  approach,  that  aims  at  the  simulation  of  longitudi¬ 
nal  fields  of  low-beta  beams  and  at  the  characterization  of  im¬ 
pedances  of  structures  excited  by  such  beams.  Theplanargeo- 
metry  of  reference  [23]  cannot  be  used  in  a  straightforward 
matmm'  for  this  purpose.  Rather,  small  loops  and  pins  ate 
placed  on  the  ituia  conduct^'  both  around  the  azimuth  and 
along  the  axis  of  the  beam  pipe.  This  (quasi-cylindrical)  geo¬ 
metry  is  less  accessiUe  to  the  quantitative  description,  th^  is 
the  planar  case.[23]  For  instance,  an  azimuthaliy  syrrunettic 
purdy  azimuthal  magnetic  field  configuration  in  between  in¬ 
ner  arid  outer  conductors  cannot  be  produced  by  an  azimuthaliy 
symmetric  current  distribution  on  the  inner  conductor  alone. 
Tlie  magnetic  fields  in  between  inner  and  outer  tube,  thoefore, 
essentially  dqpend  tm  the  azimuthal  array  of  discrete  loc^. 


As  an  approximate  tool  to  estimate  the  reqrective  field  confi¬ 
gurations,  we  therefore  started  from  single  loop  and  pin  peo¬ 
ples. 

2.  MECHANICAL  CONFIGURATION 

Starting  from  a  basic  coaxial  structure  (tf  a  SO-O  geometry, 
as  it  is  used  for  relativistic  test  measurements,  the  outer  dia- 
metn^  matches  the  beam-pipe  diameter  ot  COSY  (ISO  nun), 
while  the  inner  conductor  must  thus  measure  66  mm  in  dia¬ 
meter.  The  iruier  conductor  is  divided  into  mating  modules, 
each  carrying  either  pins  or  loops  to  impose,  reqrectively, 
electric  w  magnetic  fields.  The  ir’ter  tube  serves  as  the 
groundlAdetence  surface  for  the  im-and-loop  arrays. 


Fig.  1:  Schematic  of  the  modules  ftx  lot^  and  pins 


Fig.  2:  Photogrtqdi  of  actually  assembled  lotqr  and  pin  arrays 


The  pins  consist  of  rods  of  10  mm  length,  and  the  Io(q)s  of 
a  semi-circle  curved  of  10  mm  radius.  Bofo  pins  and  loqrs 
are  formed  from  semi-rigid  1-mm  diameter  wire,  with  the  tef¬ 
lon  insulation  (0.5  mm  thick)  stripped  back,  where  they  ex- 
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lead  fton  the  iiMier  aadoctor.  Then  are  10  (MM  ud  10  loops 
huaelM  evenly  aaimathally  into  each  inner  tube  module. 
Ihe  modular  construction  aUows  for  easy  assembly  and  wi* 
of  each  station,  and  for  confii^iratiaaal  flexilHlky,  adiie- 
ving  a  mhiimum  kwpHm-pin  distance  ot  •  3S  mm.  X 
bemg  the  stmctme  peiiodidty  (and  die  field  (hstribution  pmio- 
dichy,  if  all  loops  wme  to  be  driven  in  phase).  WiA  our 
mo^e  design,  tto  length  may  arbitrarily  be  extended  by  in- 
sating  matching  extension  lubes.  hfodules  are  mechanically 
jdu^ed  together,  each  module  features  a  conical  tight  fit  en¬ 
suring  mechanical  sndiility  of  the  inner  tube  without  the  use 
oi  fi^er  mechanical  fixtures.  Conceivably,  the  minimum 
distance  of  3S  mm  could  be  reduced,  if  a  different  joining  me¬ 
chanism  were  to  be  used.  In  this  respect,  we  should  note,  that 
with  these  lengths,  we  roughly  fidfiU  the  scale  length  inequa¬ 
lity  given  by  Equ.  (9)  of  p],  which  should,  at  least  approxi- 
maidy.  idso  qi^y  to  our  case.  Finally,  within  each  n^ule, 
pins  or  loops  are  connected  electrically  and  mechanically  by  a 
suitably  shaped  printed  circuit  board  (^B).  on  which  a 
LEI^  connector  was  instalted  for  attaching  the  external  sig¬ 
nal  (delay)  line. 

3.  Electrical  CJiARACTERizATioN 

Electric^y,  pins  ate  left  "dangling"  fiee,  while  the  far  end 
of  the  loqps  are  connected  to  the  groundAeference  {dane  of  the 
drcuit  b«ud.  to  which,  in  turn,  both  the  inner  conductor  tube, 
mid  the  outer  conductor/shield  of  the  LEMO  is  attached 
(Fig.  1).  To  characterize  a  naked  pin  or  loop,  they  were 
mounted  on  the  reflective  PCB,  sqxintte  fiom  their  inna  con¬ 
ductor  modules.  We  determined  the  cfiacitance  and  inductance 
in  dependence  of  the  number  of  kxqK^ins  attached  (1  to  10). 
andfound.  for  the  nidcedLioop  3:40  nH,  and  Cpin’^  2.87  pF. 
The  lo(^  showed  a  siighdy  nonlinear  behavior,  presumably 
due  to  loop-loop  coupling.  In  their  final  assembly  in  the  mo¬ 
dule.  the  i^ue  for  the  single  pin  capacitance  and  loop  induc¬ 
tance  were,  at  10  MHz,  =  3.65  pF  and  Licp  =  39  nH. 


The  cfiacitance  increases  because  of  the  smaller  distance 
between  measurement  point  and  ground  plane,  while  the  in¬ 
ductance  decrease  due  to  the  smaller  effective  area  of  the  loop. 
Ekccrically,  the  10  of  each  module  are  connected  in  pa¬ 
rallel,  leading  to  an  effective  capacitance  of  the  printed  circuit 
of  ^  pF  including  the  LEMO  socket.  For  the  10  loops,  coi- 
nections  both  in  pmallel  and  in  series  were  examined.  Parallel 
hx^  provide  superior  frequency  response  to  at  least  100 
MIb,  entailing  an  effective  PCB  Muctance  of  the  printed  cir¬ 


cuit  ttf  35.5  nH.  Seriid  loops  constitute  a  more  suitaUe  load 
at  frequMHicies  below  20  MHz.  but  display  a  rtaonance  above 
50  MHz,  as  can  be  seen  from  Fig.3. 

4.  Single  pin  and  loop  Field  Properties 

The  electric  and  magnetic  fiekb  generated  by  pins  or  kx^ 
may  be  rigorously  calculated  in  planar  geometry  [44].  Thc^ 
results,  of  course,  will  provide  only  a  rough  estimate  for  the 
actual  situation  in  cylin^cal  geometry. 


Fig.4:  Spatial  variation  of  magnetic  field  B^ 
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Fig.5:  Spatial  variation  of  electric  field,  Ef 

Figures  4  and  5  show  the  spatial  variation  oS  the  respective 
field  components  Ej.  and  B^  along  the  axial  direction,  for  vari¬ 
ous  distances  haway  from  the  refoence  plane.  Similar  varia¬ 
tions  can  be  found  ^ong  the  azimuthal  direction.  However, 
the  loops  or  pins  around  the  azimuth  are  spaced  such,  that  the 
resulting  field  ripple  does  not  exceed  20%,  leading  to  ten 
loops  or  pins.  To  derive  a  shfie  wei^ting  factor  for  the  field 
variation  along  the  axis,  we  integrate  the  area  under  the 
curves,  jF(h)dz/(F  ,k(h)xX},from-X/2toA/2.  FcrX^in® 
35  mm  and  h  ->  42mm,  the  distance  to  the  outer  conductor, 
we  get  for  this  weight  factor  0.7  (pins),  and  0.9  (loops). 
These  factors  will  be  used  for  the  calilxatkm  inocedure  below. 


5.  MEASUREMENT  SET-UP 


We  use  the  standard  technique  with  a  netwoik  analyzer  (HP 
8753C)  to  both  generate  the  signal  to  be  injected  into  the 
structure,  and  to  measure  and  display  the  transmitted  signal, 
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see  **1”  of  Fig.  6.  Both  delays  md  die  fleld  streagdi  nttio 
have  to  be  adguRed  so  as  10  match  the  desned  p. 


Fig.6:  Set-Up 


To  avoid  electrical  couidmg.  i.e.  to  select  exclusively  a  dif- 
ferattial  (i.e.  magnetic)  pidc-op  from  the  magnetic  lest  loop, 
a  halanced  180*  qdittK  (center-tapped  matched  truisfocmer) 
was  used.  Fir8t,the6lec^testloopwasalignedwithanex- 
citmg  ekctiic  loop  on  the  inner  conductor.  We  used  inn-mid- 
loop  arrays  with  three  modules  of  each  type.  The  iq)  is 
compared  to  die  result  the  coaxial  SO  Q  configuration  (Hg. 
7a).  Thereafter,  the  magnetic  lest  loop  was  alig^  and  mea¬ 
sured  similarly  with  a  magnetic  loop  (Fig.  7b).  Thus,  we 
may  generate  with  the  presented  pin-and-loop  array  (p^i) 
TEM  modes  in  an  enqity  coaxial  structure,  if  we  auenuaie  the 
signals  into  the  inns,  relative  to  the  signab  into  the  loops,  by 
IBt[dB]-EI[dB]»2.8dB. 


5.1  Delay  lines  and  phase  advance 

To  each  of  the  ten  dectric  field  modules  and  ten  magnetic 
field  modules  there  goes  one  signal  cable,  plugged  into  a 
LEMO  socket  on  the  PCB.  as  indicated  in  Fig.  1.  The  delay 
length,  d.  of  each  sqmal  cd>le  (signal  propagation  speed  c^)  to 
the  various  modules  is  adjusted  such  that  the  resulting  phase 
velocity  of  the  generated  mode  ccnresponds  to  the  desired  bean 
vekxity  Pcy.  i.e.  d  » (X/PKCo/Cy).  where,  uring  solid  PE  insu¬ 
lated  RG174  coax.  (cJCy)  ~  0.62.  Thus,  for  the  (P=l)  m^ 
sutement  with  loops  and  pins,  one  chooses  suitable  delays  of 
d(Psl)s  0.62(X/2)  a  22.3  mm.  An  attenuatcn  (6dB)  at  the 
LEMO  socket  of  each  array  reduces  reflections  (Fig.  6). 

5.2  Held  calibration  and  field  ratio 

We  must  adjust,  according  to  Faraday’s  law  of  inductance, 
the  field  ratio  to  be  B^^  «  «  0.33x10'^  [s/m].[2,4,S] 

Hrst  we  may  determine  the  properties  of  the  50-fi  coaxial 
configntatixm  without  any  loops  or  i^  installed.  i.e.  we  im¬ 
pose  TEM  modes  propagating  at  the  speed  of  light  (P«l).  Chi 
both  ends,  the  structure  is  properly  matched  into  type  N  con¬ 
nectors  by  conical  ttqiers.  Both  field  types  are  picked  up  at 
the  inside  of  the  outer  (beam)  tube  via  a  test  pin  and  a  semi¬ 
circular  test  loqi  of  the  same  dimensions  as  in  Sect  2.,  pro¬ 
truding  radially  into  the  space  between  inner  and  outer  tube. 
Feed-through  and  connection  is  made  by  SMA  sockets. 


S3  Test-measurements  with  a  beam-position  mmiitor 

For  arbitrary-beta  beam  current  measurements,  a  number  of 
current  monitors  of  various  geometries  are  used.  For  prelimi¬ 
nary  tests  of  our  low-beta  simulation  structure  (“2”  of  Hg.  6), 
we  use  a  standard  (spare)  COSY  beam-position  monitor  with 
the  common  miire-sh^ied  (diagonally-cut)  cylindrical  pidc-up 
plate  surfaces  (diameter  as  COSY  tube).  This  structure  pos¬ 
sesses  a  band  pass  characteristic  to  well  beytmd  100  MHz.  A 
(more  interesting)  strip-line  type  pick-up  characteristics 
that  crm  easily  be  calculated,  is  contemplated.  However,  since 
no  spare  exists,  such  a  strip-line  pick-up  would  have  to  be 
freed  q)ecifically  for  such  tests.  For  the  tests  ixesenied  here, 
we  aligned  the  axial  center  of  one  electric  pin  module  (with  10 
azimiuhaUy  mounted  pins)  and  the  axial  center  of  the  BPM. 

To  reduce  noise,  we  choose  a  signal  of  10  dBm  power  at 
the  network  analyzer  generate,  and  tune  the  IF  bandwidth  to 
10  Hz.  or  use  a  suitable  averaging  factor.  At  a  frequency  of 
500  kik  we  observe  a  transmission  loss  of  about  90  dB;  at  SO 
MHz  the  transmissian  loss  is  50  dB.  Thereafter,  the  amplitude 
remains  constant  to  at  least  100  MHz.  The  drop  in  magnitude 
4t  the  lower  frequency  end  is  due  to  the  capacitive  nature  of 
the  BPM,  in  coimection  with  a  low  impedance  measurement 
The  electrostatic  pick-up  plates  of  our  BPM  can  only  register 
electric  signals.  To  measure  die  magnetic  fields  as  well,,  we 
use  the  same  setip  as  fra  calibration.  Sect  5.2. 

6.  CONCLUSION 
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Fig.7:  E-field  calibration  (top);  B-field  calibration  (bottom) 


We  have  devised  a  technique  to  realize  coaxial  modes  with 
any  ratio  of  electric-to-magnetic  field  and  with  arbitrary  phase 
velocity,  including  greater  than  the  speed  of  light  Field  con¬ 
figurations  of  the  Lienard-Wiechert  type  [4],  which  are  rele¬ 
vant  fra  longitudinal  field  modes,  can  be  simulated  specifical¬ 
ly  by  a  suitable  choice  of  the  phase  velocity  and  field  ratio. 
With  the  presented  set-up.  low-beta  beam  simulations  are  pos¬ 
sible,  both  fra  line  charge  and  longitudinal  impedance  mea¬ 
surements.  As  a  next  step,  we  will  test  with  this  set-up  seve¬ 
ral  of  the  COSY  diagnostic  structures,  as  they  are  avail^le. 
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^WpwOCf 

ObMKVttioaa  of  BcayiMv  coapai^  of  loaghadinal  BBOdcs 
li  a»  ItanUrti  1CVATRON  am  lieen  noeMiy  ktatUied  as  a 
■siMiBUariqa  of  parametric  coiqillBf.l  b  this  model,  a 
spaddiy  aaifoiBB,  finite'mBplitBde,  loofiindinal  peitnilMtioa 
is  applied  o  the  beam,  which  then  det^  into  two  or  more 
dBBpber  waves  m  n  result  of  this  coaiding.  Selectioo  mles 
are  derived  which  are  tased  on  ftmnencywd  phase  maiching 
condithms.  These  selection  criimia  are  obtained  nsing  a 
amltbie  rimc-sode  expansioo  of  the  weakly  non-Mnear  Vlasov 
equate  foveming  lo^tudinal  mote. 

INTRODUCTION 

huametric  decry  is  a  wave-wave  scatswing  process  whetrity  a 
drivtaig  wave  aqntlied  to  a  system  can  transfer  energy  into 
oscillatory  moites  of  the  system.  Fcv  our  case,  the  driving 
wm  Is  an  external  voltage  ap|died  to  a  coesthtg,  unboached 
besBB.  The  oscillatonr  modes  are  the  longitudinal  modes  of 
die  beam.  Only  those  modes  which  obey  the  sdection  rules 
ofpararoetric  decay  are  allowed  »  be  excited.  This  phenomena 
waa  observed  in  the  Fermibb  Tevatroo  while  doing  a 
longitadiBal  beam  omisfer  function  measiBcmeni  of  150  Gev 


EXPERIMENTAL  OBSERVATION 

The  setup  for  the  beam  transfer  functioo  measurement  was  to 
ase  a  netwotfc  analyzer  to  drive  the  beam  via  a  longitudinal 
kicker,  while  monitoring  the  response  with  a  wideband 
raatiitive  wall  pidaqi.  The  return  signal  finom  the  pidttip  was 
paasod  through  a  qditter  so  that  the  beam  spectrum  could  be 
observed  caoconently  on  a  qiectnim  analyzer.2  During  this 
study  the  proton  beam  intensity  was  5x10^^  and  a^fp  was 

abotpt  2x10’^*  The  network  analyzer  scans  were  done  at 
iUUliioirics  of  the  revolutian  firequency  (47.7  kHz)  with  a  span 
of  SOO  Hz.  The  spectum  shown  in  Rgure  1.  is  the  beam 
re^onse  to  a  scan  with  a  center  frequency  of  47.7  MHz. 
Rgure  In.  shows  die  high  fmpieiicy  end  of  the  qwctrum  and 
Figaro  lb.  shows  the  low  frequency  end.  Thm  were  no 
excited  harmonics  in  the  middle  fre^iency  mge  from  2-45 
MHz. 


*  Opwwid  by  frs  UaiwniliM  Ksmrch  A»Mciiiio«  wider  ooMreci  wHb 
aw  tIJ.  DeyMwn*  eSEMrsy. 
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The  observed  spectram  shows  some  remaikriile  features.  The 
beam  has  reqionded  to  the  driving  voltage  at  raulti|de 
frequencies,  and  all  of  this  harmonic  content  is  at  frequent^ 
lower  than  that  of  die  drive.  There  also  appears  to  be  a  minor 
symmetry  between  the  high  and  low  frequency  ends  of  the 
qiectrum  (disregarding  the  mdse  at  very  low  frequencies). 
These  properties  indicate  a  nonlinear  mecfaanistn,  and  are  a 
natural  ctmsequence  of  parametric  coupling.  The  overall 
structure  suggests  the  requirement  that  energy  be  transferred 
from  the  driving  wave  to  pairs  of  longitudinal  modes  whose 
individual  frequencies  sum  iq>  to  the  that  of  the  pump  wave. 

<»wi  ®w2  *  ®drii«- 


THEORY 


The  systmn  is  described  with  the  Vlasov  equation  written  in 
die  conjugate  variables  (rflongitudinal  mote: 


£ 

dt 


0 


•  • 

where  d  s  mo Is  ibe  revolute  frequency,  and  eisdue 
to  wakefidd  effects.  Pertuibing  the  ideri  beam  disuibudon 
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ftiKtiCMk  itie  poturNUve  lenn  can  be  expiesseil  as  au 
in  kn^tudkiid  modes: 


of  kxigitiuiinal  inodes.  The  secular  equatioo  may  be  solved  for 
the  growth  rate  of  the  amplitude  of  oscillatton  of  mode  m: 


m 

Ite  wdcefleM  potential  may  also  be  expanded  in  longitudinal 
modes: 


The  phase  matching  condition  comes  from  writing  the 
equation  for  one  F^er  component: 

n^k^m 

This  condition  is  n+itsm,  the  sum  of  the  phases  of  the 
daughter  waves  must  equal  the  phase  of  die  driving  wave. 

The  system  can  be  naturally  broken  down  into  different  time 
scales.  The  nonnal  modes  oscillate  relatively  rtqiidly 
ooaqnied  to  the  slower  time  scale  for  the  growth  or  decay  of 
power  in  these  modes.  Thus,  a  multiple  time  scale 
perturbation  expansion  can  be  done,  treating  the  time  scales  as 
independott  variables. 

d  ^  d  d 
dt  dXo  Bxi  ^  " 


A 

<?/«,(  T,)_ 

<9t, 

2n 

t  de 

d 

i  a)„+flo 

"  my  de 

VqX 


Oo-ky 


where  V„  Ls  the  amplitude  of  the  driving  voltage  and 

y  =  d>o  +  ICqE  .  Note  that  the  growth  rate  is  proportional  to 

V'o. 


The  dispersion  relation  near  the  resonance  can  be  found  if  the 
equation  for  the  growth  rale  is  also  written  for  mode  n.  Now 
there  are  two  coupled  equations  which  may  be  solved  usiitg 

A 

normal  mode  analysis.  Lei  //m(Ti)  =  and 

A 

In(ti)-  Be*^' ,  (  V  being  the  frequency  offset  from 
resonance)  then: 


/«  =  Vi.  +  where  fl  =  /,„(  r, 

Um  =  where  £/^  =  £/„( r, 


Making  these  substitutions,  the  first  order  equation  is  the 
stantfcffd  Imem  dispersion  relation^: 


The  second  order  equation  yields  a  dispersion  relation 
describing  the  pmamelric  couiding  resonance,  as  well  as  the 
frequency  mm^ing  condition  retpiired  for  coiqiling  to  occur. 
It  also  gives  an  expression  for  foe  growth  rate  of  power  in  a 
given  niode'^.  The  complete  second  order  equation  contains 
bofo  resonant  and  non-resonmit  terms.  The  multiple  lime 
scale  perturbation  expansion  allows  removal  of  secular 
behavin'  frmn  foe  s)^m  by  setting  foe  .sum  of  the  re.sonant 
terms  to  zero.  Ideifofrcation  of  resonant  terms  gives  us  the 
frequency  matching  conditkm,  a>„  +  =  to,,,.  If  the 

frequency  of  the  driving  wave  is  Qo> 

must  be  obeyed  in  order  to  have  energy  transferred  into  a  pair 


It  is  possible  to  get  this  same  result  using  a  different  method. 
The  complete  dispersion  relation  can  be  foimd  by  taking  foe 
Fourier  transform  of  foe  Vlasov  equation  fcM’  one  Fourier 
component,  substituting  a  driving  voltage  for  one  of  the 
Wakefield  terms,  and  then  making  substitutions  to  cancel  foe 
current  terms  on  both  skies  of  foe  equation-^: 


i  T  2  ^de 

t  j(ea>o)-  f  d£ _  i_zl£«!oLf-i£ _ _ 

2m  3  2m  3  <o„-ny 


■  (2Kf 


^fl*oVoZj 


4-MoVoZf 

I**  * 


(03,„-my){<i)„-nY)- 

^de 

_ 5£_ _ 

((o,„-myf{(o„-ny) 


If  this  complete  dispersion  relation  is  expanded  about  the 
resonant  frequency,  the  final  expression  is  foe  same  as  that 
found  using  the  time  perturbation  technique. 
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CCMCLUSION 


Tte  theory  of  perametric  cmifriing  has  beoi  adi^Ned  to  the 
aoceteator  context  in  order  to  present  a  possible  explanation 
for  expmn»tal  obaervadoos.  The  seleciion  rules  which 
oone  oM  of  the  analysis  are  consistoit  with  the  characteristics 
df  the  beam  spectra.  Pertinent  features  of  the  physical  system 
such  as  the  growth  rate  and  the  dispersioo  relation  have  been 
calcttlated.  A  program  is  behig  developed  to  explore  the 
behavior  of  the  di^iersion  relation. 
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We  conduct  a  numerical  and  analytical  study  of  the  lon¬ 
gitudinal  coupling  impedance  of  a  cavity  coupled  to  a  beam 
pipe.  The  aim  of  the  study  is  to  understand  the  structure 
ot  oscillations  of  the  impedance  at  high  frequency. 

INTRODUCTION 


There  exists  an  integral  equation  whose  solution 
describes  the  behavior  of  the  longitudinal  coupling 
impedance  for  an  aximuthally  symmetric  obstacle  in  a  cir¬ 
cular  beam  pipe  [1].  This  equation  was  the  starting  point 
for  an  analysis  that  led  to  an  explicit  expression  for  the 
average  behavior  of  the  impedance  of  a  cavity  at  high  fre¬ 
quency  [1]. 

In  this  pi^r  we  describe  a  numerical  solution  of  the  in¬ 
tegral  equation  for  the  pillbox  cavity.  The  results  are  com¬ 
pared  and  found  to  be  in  agreement  with  earlier  compu¬ 
tations  of  the  impedance  that  are  based  on  different  equa- 
ti<»s  [2,3].  We  also  confirm  the  above-mentioned  explicit 
expresrion  for  the  impedance.  Finally,  we  derive  an  ap- 
proximste  analytical  expression  that  attempts  to  account 
for  rapid  oscillations  at  high  frequency.  While  the  fre¬ 
quency  of  oscillations  is  predicted  correctly  by  our  model, 
the  amplitude  of  oscillations  does  not  agree  with  numeric^ 
results. 

NUMERICAL  RESULTS 
The  starting  point  is  the  equation  [1] 


f$  2f)r 

/  dz*  C(z^)[K,{z'  -z)  +  K,{z\  z)]  =  -^  (1) 

for  tlw  unknown  function  G{z),  which  is  related  to  the 
impedance  Z(k)  by 


(We  use  e"****  for  the  time  dependence,  in  contrast  to  e**** 
used  in  ref.  1.)  Here  Kp(z'  -  z)  is  the  pipe  kernel. 
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where  jt  are  the  leroes  of  Jo(*),  uid  Kt(z',  z)  is  the  cav¬ 
ity  kernel,  which  in  the  case  of  the  pillbox  cavity  can  be 
written  in  the  form 


4t  .w  -  cos(2fi)cos(a^) 

Kciz',  z)  =  -*>  Y' - ^  I  ’  I  V  ' 


X 

(4) 


(Compared  to  equation  (3.12)  of  ref.  1,  we  have  per¬ 
formed  the  summation  over  m.)  The  symbols  Pi  (Fay)  and 
Po{kay)  stand  for 


Pi(*ay)  s  Yiikay)Mkby)  -  Ji(kay)Yo{kby)  (5) 
and 


Poikay)  »  yo(fcoy)Jo(kfcy)  -  /o(*flv)yo(*ty).  (6) 


In  the  expressions  (1-6)  a  denotes  the  radius  of  the  beam 
pipe,  b  the  radius  of  the  cavity,  g  the  longitudinal  extent 
of  the  cavity,  and  Zo  the  impedance  of  free  space,  Zo  — 
mwQ. 

In  order  to  solve  equation  (1)  numerically,  we  Fourier 
transform  it  on  the  interval  [0,y],  thus  replacing  the  con¬ 
tinuous  indices  z  and  z'  by  a  pair  of  discrete  indices  p  and 
q.  The  transformed  equation  reads 

f;  GpA'„  =  -^i,o.  (7) 

^S-00 


where  the  tilde  denotes  the  Fourier  transform.  In  particu¬ 
lar,  kpq  is  the  sum  of  Fourier  transforms  of  the  cavity  and 
pipe  kernels.  (The  expression  is  cumbersome  and  we  do 
not  display  it  here.)  The  impedance  is  now  given  simply 
by 


Z{k) 

Zq  ka^ 


£■-1 
ft^oo  • 


(8) 


Thus  all  we  need  to  do  numerically  is  to  construct  the 
matrix  Apf  and  then  to  invert  it.  In  order  to  ascertain 
that  the  result  is  stable,  we  vary  the  size  of  the  matrix 
A'^y,  as  well  as  the  upper  limits  on  the  sums  in  equations 
(3)  and  (4).  (The  upper  limits  on  the  sums  are  chosen  such 
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that,  ft*  •  givea  tiae  ot  the  matrix  all  ringularitiei  ia 
the  aunne  an  included.  Except  for  Figuies  1  and  2,  where 
it  ia  amalltt,  the  matrix  K„  ranges  in  ain  frcnn  81  x  81  to 

121  X  121.) 

figuiee  1  and  2  show  the  real  and  the  negative  of  the 
imagiaary  part  the  impedance  am  functions  of  ka  for 
y/a  s  0.05  and  i/a  =  1.1.  These  are  the  same  values  of 
parameters  as  uaeid  in  Figure  6  of  reference  2.  The  results 
displayed  hen  an  in  agnement  with  those  of  refet«ioe  2. 


ka 


ka 


Figure  3:  The  real  part  (dashed  line)  and  the  negative  of 
the  imaginary  part  (scdid  line)  of  Z(k)  vs.  ka.  The  thin 
solid  line  is  the  graph  of  expression  (9). 


Figun  1:  Re[^(5)]  vs.  ka  for  k/a  =  1.1  and  g/a  =  0.05.  frequency  [1] 
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Figure  2:  — Im[Z(lr)]  vs.  ka.  Same  parameters  as  Fig.  1. 

Our  primary  interest  in  this  paper  is  to  examine  the  be¬ 
havior  of  Z{k)  at  high  frequency,  that  is  for  Ira  >  1  and 
kg  ;>  1.  In  this  r^me,  we  have  compared  our  results  to 
those  obtained  in  reference  3  and  found  the  two  computa¬ 
tions  to  be  in  agreonent. 

Figun  3  dbows  a  typical  run  for  b/a  =  1.15  and  g/a  = 
0.75.  Superposed  on  t^  numerical  result  is  the  analytical 
expresskm  for  the  average  behavior  of  impedance  at  high 


We  see  that  this  expression  is  in  satisfact(»y  agreement 
with  the  numerical  result.  Nevertheless,  even  at  large  val¬ 
ues  of  ka  the  behavior  of  Z{k)  is  considerably  mon  ccrni- 
pUcated  than  1/Vk.  Then  an  large  oscillations  with  an 
amplitude  comparable  to  the  average  value  of  Z{k). 

In  order  to  elucidate  the  structun  of  the  oscillations,  we 
cmnpute  the  Fourier  transform  of  y/kZ{k)  for  iba  >  40  (us¬ 
ing  an  FFT  algorithm).  The  absolute  value  the  Fourier 
transform  of  Figun  3  multiplied  by  y/k  vs.  z/a  is  shown 
in  Figun  4.  Apart  from  the  fact  that  the  Fourier  trans¬ 
form  of  y/kZ(k)  is  approximately  zero  at  positive  values 
of  z  (as  it  should  be  by  causality),  the  most  striking  fea- 
tun  of  Figun  4  an  the  sharp  peaks  of  the  graph  at  the 

values  of  —z  of  2g,  4g,  6g . Therefon,  for  large  values 

of  ka,  Z(k)  has  oscillations  with  periods  corresponding 
to  Ak  =  ir/(ng),  n  >  1.  The  amplitude  of  oscillations 
decnases  with  frequency. 

Motivated  by  equation  (9)  and  Figun  4,  we  can  surmise 
that  y/kZ(k)  is  of  the  form 

y/kZ(k)  =  f^a„e-«”*>,  (10) 

n=0 

when  the  On’s  an  independent  of  k.  The  integral  under 
each  of  the  peaks  in  Figun  4  then  gives  the  value  of  |an|. 
In  Figun  5  we  plot  the  integrals  under  the  peaks  vs.  n  for 
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Fi|ore  4:  The  abeolute  value  the  Fourier  tranaCcwm  of 
k^f^Z(k)  VB.  z/a;  b/a  =  1.15  and  §/a  =  0.75. 


three  different  values  of  b.  For  comparison,  we  also  plot  the 
number  90'^2f/(ra^),  which  is  the  value  of  |ao|  obtained 
from  equation  (9). 


Figure  5:  On  vs.  n  for  b/a  =1.1  (dashed  line),  1.2  (dash- 
dot),  and  1.5  (solid  line).  Also  shown  is  the  value  of  oo 
obtained  from  equation  (9)  (thin  solid  line). 

FVom  Figure  5  we  see  that  a„’s  in  general  depend  on 
b/a.  (With  increasing  b/a  ao  approa^es  the  solid  line, 
but  the  Fourier  spectrum  analogous  to  the  one  in  Figure 
4  becomes  increasingly  complicated  for  nonsero  negative 
values  oi  z.  We  have  observed  this  trend  for  values  of  b/a 
up  to  5.)  We  are  currently  conducting  additional  studies 
to  expkm  the  dependence  of  a„’s  on  b/a  and  g/a. 

ANALYTICAL  RESULTS 

We  begin  the  track  towards  an  analytical  expression  for 
Z(k)  by  manipulating  the  pipe  and  cavity  kernels.  Under 
tile  assumption  that  ka/w  >  1,  Kp  can  be  written  in  the 


Kp(z'  -  *)  a  -  *1).  (11) 

a 

where  **  ^  Hankel  function  of  the  irst  kind.  For 

/fc(z',  z)  on  the  other  hand,  we  use  the  laige-aigument 
aqrmptotie  expansions  F!t  and  P^,  and  invoke  the  as¬ 
sumption  that  k{b  -  a)/ir  >  1  to  get 

ff«(*'i  *)  ^  X 

[lf<‘>(t|z'-z|).fHt'>(*(z.fz'))  + 

+  *-*'))  +  Hi^Hk(2lg  -  z  -I-  z'))  -I- 
Hi^\kCUa  +  z  -b  */))  +  Hi^\k{2lg  -  z  -  r/))]] .  (12) 

It  is  worthwhile  to  note  that  the  dqiendence  ot  Ke  on  b 
has  disappeared  at  this  stage  and  ao  our  final  expreaskm 
for  Z(k)  will  be  also  independent  of  6.  Next,  we  use  the 
expressions  above  for  Kp  and  Ke  in  equation  (1),  replace 
the  Hankel  functions  by  their  large-argummt  asymptotic 
expansions,  take  G(z')  of  the  form 


neglect  integrals  involving  fa^t-oscillating  terms,  and  re¬ 
place  z  and  z'  by  g/2  ji  denominators  where  they  occur 
summed  with  2lg  (t  >  1),  to  get 


m 

Za 


T  -f  X{kg) 
x2-|-(2»-l)A(*j) 


]• 


(14) 


Here 


(15) 


The  average  over  oscillations  in  equation  (14)  reproduces 
the  result  in  equation  (9).  The  oscillations  in  k,  on  the 
other  hand,  occur  with  period  Ak  =  ^/(np),  n  >  1,  which 
is  in  agreement  with  numerical  computatums.  The  limita¬ 
tions  of  equation  (14)  are  that  it  is  independent  <ff  b,  whidi, 
as  we  have  seen,  does  not  agree  with  num«rical  results,  and 
that  the  amplitudes  of  oscillation,  a„,  are  much  smaller 
than  the  ones  observed  in  simulations  for  1.05  <  b/a  <  5. 
We  are  currently  developing  an  analytical  exprearion  for 
Z(k)  that  will  remove  some  of  the  simplifying  assumptions 
built  into  equation  (14). 
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Abstract 

Id  u  earlier  pH>er  tlw  fengitudinal  impedance  of  an  iria 
waa  obtiuned  in  the  foxm  of  an  integral  equaticm  by  match¬ 
ing  the  fidda  m  the  planea  perpendicular  to  the  axia  at  the 
mda  ct  the  iria.  T1^  equatimi  waa  aolved  by  expanding 
the  field  comp<»aita  into  a  complete  aet  dt  aaimuthally 
symmetric  TM  modea  in  the  iria  region  and  numerical  re- 
auha  were  obtained,  particularly  for  large  beam  pipe  radii. 
The  aame  mdhod  ia  now  m>plied  to  the  calculation  of  the 
tranaverae  impedance,  where  both  aaymmetric  TM  and  TE 
modea  ate  needed  in  the  expanaiona.  Once  again  the  re- 
aulta  are  obtained  for  large  beam  pipe  radiua  and  a  wide 
range  of  valuea  of  the  rdative  values  of  the  iria  radius,  the 
iris  thickness,  and  the  wavelength. 

I.  INTRODUCTION 

In  previous  papers  we  examined  the  longitudinal  coupling 
impedance  of  an  iris  in  a  beam  pipe.  We  first  treated  the 
case  of  an  iris  sero  thicknessll],  obtaining  a  variational 
form  for  the  impedance,  and  numerical  values  by  expand¬ 
ing  the  trial  function  into  a  truncated  orthonwmal  set. 
The  results  were  presented  as  functions  of  kh  for  various 
values  {a—h)/h,  where  the  pipe  radius  is  a,  the  iris  radius 
is  h  and  the  firequency  is  kcfiit. 

b  a  subsequent  paper[2]  we  c<»uidered  the  case  of  finite 
iris  thickness  g,  again  constructing  a  variational  form  for 
the  impedance.  In  this  case  however,  we  used  a  set  of 
matrix  equations  for  the  coefficients  cS  the  fields  in  the  iris 
regitm.  In  this  p^)er  we  were  particularly  interested  in 
the  limit  afh  —*  oo  corresponding  to  the  impedance  of  a 
circular  hede  of  radius  6  in  a  transverse  conducting  wall 
of  tiiickneas  g.  In  all  of  these  studies  only  TM  modes  are 
gmerated  by  the  drive  beam. 

In  the  present  paper  we  examine  the  transverse  (dipole) 
coupling  impedance  for  an  iris  of  finite  thickness.  In  this 
case  we  need  both  TM  and  TE  modes  to  satisfy  ail  the 
boundary  conditions.  Field  matching  leads  to  a  set  of 
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fOn  leave  from  the  hietitttte  far  Chemical  Reaeardh,  Kyoto  Uni- 
eenitjr,  Hpan 

0-7803-1203-1/93S03.00  0 1993  IEEE 


equations  for  the  fidd  coefficients  in  the  iris  region  and  the 
equations  resulting  from  a  truncathm  of  the  field  expan¬ 
aiona  are  aolved  by  matrix  inversion.  Results  are  obtained 
as  a  Auction  of  the  three  parameters  kb,a/h,  and  g/b. 

II.  ANALYSIS 

Tlte  iq>pr(^riately  normalised  source  fields  for  an  ultrarel- 
ativitic  beam  are 

=  ZoBt  X  e<  =:  (cos  kz  —  y  sin  kz)Vtdo  (I) 

where  we  assume  a  time  dependence  exp(iw<)  and  where 
e<  ii  a  unit  vectw  in  the  z  direction.  Here 

^(r,^)=(^-;)cosff  (2) 

in  the  pipe  region  (|z|  >  g/2),  and 

Mr,  9)  -  Mr,  tf)  =  -  i)  costf  (3) 

in  the  iris  region  (|z|  <  g/2).  The  separation  the  drive 
current  into  an  even  and  an  odd  part  in  z  allows  the  prob¬ 
lem  to  be  treated  as  the  sum  of  two  less  complicated  prob¬ 
lems. 

For  the  even  part  in  Eq.  (1),  we  write  the  transverse 
fields  in  the  pipe  region  as 

E,  = 


-I-  X 


+ 

coakz  Vtih 

and 

Zf)Ht  X  e<  = 

± 

± 

FSl  * 

- 

jmkz  Vfdo, 
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(5) 


where  ±  eUBd  for  ±  f/2.  Hoe  end  are 

parametere  aanciated  with  TM  modea,  with 

0,  *  (**  - /«*)''*  *  -i(i^ /«’  -  («) 

aad  Vyf^^t0¥  ond  are  parametera  aaaociated  with  TE 
modea,  with 

A  =  (*>  -  -  kyt\  (7) 

Hw  fonctiooe  and  are  products  of  ain9  or  coetf  and 
hiPuTh)  with  Jt(P|i)  =  0,  <*  Ji(«i,r/a)  with  =  0. 
In  the  iria  region  we  replace  a  by  6  and  write 

00 

Wit  =  ^F(txu^(zVt^( 

<sl 

00 

+  5^  Gif  coe  Cj  X  V,^,  +  coe  kz  Vtic  (8) 
n=» 

and 

ZoHt  X  c,  =  —  j5~!~l~»ip^r^ 

<=i  ^ 

<1 

—  jsinhzVt^o*  (9) 

We  now  equate  Eqs.  (4)  and  (8)  at  x  s  g/2  for  Wit  over 
the  range  0  <  r  <  a  and  thereby  obtain  and  Bv  as  a 
sum  over  various  terms  involving  4o,^OiF(  and  Gq.  Then 
we  equate  E<p.  (5)  and  (9)  at  z  s  g/2  f<x  ZoHt  x  e« 
for  0  <  r  <  i  and  obtain  F(  and  Gq  as  a  sum  over  various 
terms  involving  ^o,  Af,,  and  By.  By  eliminating  An  and 
By  between  the  two  resulting  sets  of  equations,  we  c^tain 
the  matrix  equations  for  F(  and  Gq 

E'«’‘'<e'+L°''V  =  '’j  (>») 

<'  V 

(11) 

€'  n' 

where  the  parameters  U,  V,  W,  P,  and  Q  are  explicit  sums 
of  integrals  involving  the  Bessel  functions.  Equations  (10) 
and  (11)  can  then  be  solved  for  F(  and  Gq  once  we  truncate 
the  sums  over  euid  rf.  A  parallel  analysis  for  the  odd 
part  of  the  source  field,  yields  a  similar  set  of  equations. 

Finally,  we  obtain  an  expression  for  the  impedance  as  an 
integral  over  the  three  faces  the  iris  surface  (z  =  dby/2 
and  r  =  6).  This  involves  a  term  independent  of  F(  and 
Gq  as  well  as  oms  proportional  to  F(  and  Gq  for  both  the 
even  and  odd  source  terms. 


imagiaary  parts  of  the  impedance  as  a  fimctkn  d  kk  (at 
a/h  s  2,g/h  =  1.  A  matrix  aiae  of  40  x  40  ^>pean  to  be 
sufilcient  for  convergence  in  this  case.  T%e  red  part  of  the 
impedance  appears  to  start  at  M  ~  .9  corresponding  to 
the  (»set  d  a  propagating  TEn  pipe  mode  zika^  1.84. 
The  onset  the  propagating  TMn  mode  zJtkh^  1.9  cm^ 
responding  to  ha  s  3.83  also  shows  clear^. 

In  Fig.  2  we  show  the  results  for  a/h  s  10,y/h  =  1.  It 
now  appears  that  the  contribution  fiNun  the  TEn  mode 
for  l.M  <  ka  <  3.83  is  the  order  10~*  conqwed  with 
that  from  the  TMn  mode  for  ka  >  3.83.  For  reasmu 
not  yet  well  understood,  it  appears  that  the  TE  modes 
are  suppressed  for  large  a/b.  It  should  be  noted  that,  fat 
large  a/6,  larger  matrices  ate  needed  for  accurate  numerical 
computation. 


Figure  1:  bZg{k)/Zo  vs.  66  for  a/6  =  2,  g/b  =  1. 

In  Fig.  3  we  show  the  results  f<»  a/6  =  100,  p/6  =  1. 
The  TEii  mode  is  now  d  order  10~’‘  compared  with  the 
TMii  mode.  And  in  this  case  we  need  a  matrix  of  250  x  250 
to  obtain  suitable  numericd  accuracy. 

Finally,  we  explore  the  case  of  a  zero  thickness  wall  by 
doing  numerical  calculatbns  for  g/b  =  0  as  well  as  for  very 
small  g/b.  In  Fig.  4  we  show  the  result  for  a/h  =  10,  p/6  = 
0.  Once  again  the  contributions  from  the  TE  modes  are 
much  less  than  those  for  the  TM  modes. 


III.  NUMERICAL  RESULTS 

We  have  obtained  the  transverse  impedance  for  several 
sets  of  parameters.  In  Fig.  1  we  show  the  real  and 
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Figiite  2:  6Z«(i)/2’o  vs.  H  for  a/h  =  10,  g/h  s  1. 


IV,  SUMMARY 

W«  hsive  briefly  outflned  tbe  aaslym  for  the  transverse 
ccHipUog  inipedaace  an  iris  in  a  beam  pipe  and  have 
iin|>lemented  a  numerical  iKocedure  to  obtain  values  fmr 
(ffiSerent  parametos.  It  appears  that  both  TE  and  TM 
modes  in  the  p^  region  are  needed  to  satisfy  the  bound¬ 
ary  eonditkms.  However  the  TE  contributions  fall  r^>idly 
to  mo  as  a/h  becomes  large. 

In  foture  VK»k  we  h<^  to  obtain  a  variational  formu¬ 
lation  for  the  impedance,  partknlarly  in  the  case  where 
g/b  -» 0.  In  addition  we  w^d  like  to  obtain  the  limiting 
forms  for  a/b  -» oo  for  arbitrary  g/b. 
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Figure  3:  bZa(k)/Zo  vs.  kb  for  a/b  =  100,  g/b  =  1. 


I  Figure  4:  bZg{k)/Zo  vs.  kb  for  a/b  =  10,  g/b  =  0. 
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Ite  nP  tn^edaim  of  the  iaoiatioo  valve  of  the  APS  stor* 
••B  fii^  qfsiem  was  meanred  by  die  1)^  method  a 

pobe  tedMriqae.  Hie  oouiiliiiv  inqiedaiioe  as  weO  as  the 
energy  lott  of  the  sector  valve  with  fad  wtthoui  an  RF  liner  or 
soeea,  and  the  flange  gap  ctf  the  yarious  sizes  was  nmasmed. 
There  appear  to  he  aennanoes  at  certain  CPMpiencies  without  an 
RF  Unm  that  might  omse  an  onaoceptably  large  oooiding 
iiBpedmce.  Dwa  novations  sizes  of  the  flaige  gap  show  that 
^wd  RF  contact  around  any  flange  is  necessary.  The 
hqiedanoe  dne  to  intrusions  into  the  beam  chamber  was  also 
measured.  The  results  are  oonqiated  with  the  oonqiuier  sfann- 
ladon  fiom  MAFIA. 


L  INTRODUCTION 

The  beam  coupling  in^ledarloe  must  be  kqit  small  so  that 
die  desired  operating  current  (a  maximnm  of  300  mA  widi  a 
life-dme  of  at  least  lo  hrs)  can  be  acldeved.  To  reduce  die 
coupiii^  iaqiedance  of  the  vacuum  oonqionents  in  the  APS 
storage  ring,  there  are  many  plaoes  such  as  bdlows.  Ihiers.  RF 
iatdaiion  vdves,  RF  ion  pumps,  and  screened  photon  absorbers, 
that  have  various  RF  abhdding  structures.  Among  the  concerns 
widi  RF  sMcIi^  strooinRS  are  vacuum,  syndnoiton  radialion, 
RF  hemiag,  rmd  conpling  inqiedanoe.  The  photon  absorber 
teqaires  an  intraskm  into  the  beam  chamber  in  firont  Oi  the 
iaoiation  valve  to  protect  against  direct  photon  radiation. 

This  paper  presents  the  reanlts  of  measurements  usir^  the 
wire  method  with  a  synthetic  pulse  tedmique  [1].  A  gating 
techniqoe  was  qppUed  to  obtain  the  ftequency  domain  reflec¬ 
tion.  The  coaxial  wire  method  is  a  wMeqiread  tod  for  bench 
measurements  of  beam  couidhig  inqiedanoe.  By  sending  a  short 
pulse  duongh  the  center  wire  of  a  transmission  line  or  a  vacuum 
chamber,  the  current  distribution  on  the  inner  snrfisoe  of  the 
beten  dtamber  can  be  obtained  which  corresponds  similady  to 
die  cnrremdistriiotionprothicedly  a  passing  beam  bunch 

The  measmeBoem  procetoe  enqrik^  here  is  known  is  a 
synthetic  pdse  techniqoe.  Since  any  pnbe  defined  as  a  fimcdoi 
of  aaqpltode  over  dme  can  also  be  defined  by  its  frequency 
spectrum  of  anqditude  and  phase,  the  syndietic  pulse  can  be 
generated  in  the  time  domi^  Cli>)  via  inverse  fast  Fooria 
transform  (IFFT)  fiom  measurements  taken  in  the  frequency 
domain  (pD).  This  leads  to  higher  spectral  density  than  real¬ 
time  pulre  measurements,  thus  giving  a  higher  dynamic  range 
and  better  repeathbilily. 


*  Work  supported  by  US.  Dqiartment  ttf  Energy,  Office  of 
Basic  Sdietio^  mder  contract  W-31-109^ND-38. 


n.  LOSS  PARAMETER  AND  IMPEDANCE 


For  a  given  particle  beam  bunch  with  charge  q,  the  energy 
lossofdiebuichis 


AF.  m  kq^ 


2ZLq2 


Jliai-l2)dt 

(Jl2dt)2 


(eV). 


(1) 


where  is  the  characteristic  impethmee  of  the  ttansmisami 
Une  or  the  wire  rumdng  through  the  beam  pqie,  Ii  is  the  current 
flowing  through  the  r^mace  chamber  (REF),  I2  is  the  current 
flowing  through  the  device  under  test  QXJT).  and  k  is  the  loss 
parameter  that  is  physicdly  the  energy  loss  in  eV  for  a  bunch 
with  a  unit  charge  passing  through  the  vacuum  component 
Urns  the  longinnfintd  loss  psrameter,  k,  can  be  computed  from 
measurements  by  the  intcipratmo  ot  die  current  over  the  pulse 
length  snefa  as: 


_  ^iai-l2)dt 
b  »  2Zl  —7 - z- 


(Vype),  (2) 


It  most  be  pointed  out  that  k  is  also  a  function  of  particte 
bunch  length,  o.  Ine  broadband  impedance  rqiresents  the 
impedance  ot  a  non-resonam  device  (e.g.  any  lit&  discontinuity 
mound  the  storage  ring),  which  is  given  as: 


Z  » 


ZM 

n 


(Q).  (3) 


assuming  that  0*1.  where  n  *  to/litfo  «  I/Tq  is  the  revtdu- 
don  frequency  of  the  beam  in  the  storage  ting)  and  ZCto)  is  the 
individoal  mode  inqiedance  of  the  DUT  in  the  FD.  Z((d)  can 
also  be  computed  film  the  measurements. 


Zfui)  » 


[I|(«>)-l2(a>)l 
^  12(e)) 


(O).  (4) 


where  Ii(o>)  and  I2(CD)  are  the  current  measured  in  the  FD  with 
the  REF  and  the  DUT,  reflectively.  The  wake  potential  is  de¬ 
fined  as  the  integrated  peronbed  decuomagnetic  miergy  acting 
on  the  beam  bunch  with  a  unit  charge  and  can  be  also  derived  by 
transforming  Eq.  (4)  into  the  TD, 


Wb(t) 


2ZL[Ii(tH2(t)] 

q 


(V/pc).  (5) 
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m.  Experimental  setup 

A.R¥Ua*r 

A  VAT  isoiatloo  valve  (model  S-47)  was  tested  to  evaluate 
dm  RF  dUHacteristics  of  the  RF  Uiier.  Ab  RF  liner  the  model 
S-47  oonsists  of  64  shiehfing  aoeens  each  1.8  mm  wide,  4.3  cm 
kmg,  0.1  mm  thick  with  1.3  mm  gap.  More  detailed 
^tedflcatioiis  can  be  ftNmd  in  lefercoce  [2]. 

As  depicted  in  Fig.  1.  a  network  analyzer  (HP  8S10B)  was 
used  to  measue  the  two-port  SiMiameters  of  the  DUT.  All  the 
data  was  transfoied  to  die  PC  486  compmer  Cor  amdysis,  using 
the  HP  Basic  6.0  progiam  language. 


Hgwe  2  shows  the  setup  Cor  real-time  pulse  measuremenL 
The  sig^  is  an  8-V(dt  140-i»  (iaussian  pito  generated  by  an 
AVH-C  pulser.  The  20-dB  attenuator  is  used  to  prevent  the 
pulsar  Cram  load  mismatch.  A  Tektronix  7854  sanqdtag  osdi- 
ioscope  that  can  record  data  with  iq>  to  5 12  points  on  one  screen 
was  used  with  its  wavdbrm  averagiog  fimction  to  sipiificantly 
reduce  the  randran  error.  Waveform  pmameters  (area,  RMS 
value,  maximum,  minimum,  etc.)  are  calculated  using  the  at- 
tached  calculator. 

IV.  MEASUREMENTS  AND  RESULTS 

A.  XF  Liner 


FigA  Experimental  Setup  Cor  Synthetic  Pulse  Technique 


A  Photon  Absorber  Intrusion 

The  measurement  was  done  with  two  dififerent  types  of 
intrusioos:  a  round  one  (7  cm  in  diameter)  and  a  linear  one  (10 
cm  in  length).  They  were  inserted  from  the  antechamber 
through  the  1-cm  slot  into  the  beam  chamber.  The  intrusion  was 
varied  from  0  to  2.5  cm  in  0.5  cm  steps.  The  data  was  tiiic«»n 
with  the  synthetic  pulse  techniques  as  mentioned  above.  To 
verify  the  synthetic  pulse  techniques,  the  measurement  was  also 
done  with  tte  real-time  pulse. 


Hg2  Experimental  Setiq>  for  Real-Time  Pulse  Technique. 


The  typical  transmissioo  data  (S21)  in  the  frequency 
domain  is  sho^  in  Hg.  3.  The  top  curve  comes  from  tte  tef- 
etence  beam  chamber  and  the  bottom  curve  is  firora  the  standard 
valve  without  an  RF  liner.  As  seen,  tboe  are  resonances  at  2.3, 
5.9,  and  9.4  GHz.  The  ol  these  resonances  are  high  enough 
to  unaccqMably  lower  the  thresholds  Cor  multibunch  beam 
instabilities.  The  RF  liner  in  the  valve  solves  the  problem  as 
shown  in  Hg.  4.  The  cavity-like  resonances  are  eliminated  but 
the  broadband  impedance  of  the  DUT  is  still  signiflcant 
(maximum  of  Z^  ~  0.002  G). 


^  S21 
Beam  chanSaar 


^  S21 

Valva  w/o  Rf  Uftar 
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Hg.3  The  transmission  in  FD 


A  g^  existed  at  the  flanges  between  the  isolation  valve 
and  the  short  lefetence  beam  chamber.  This  generated  a  weak 
peak  around  2  GHz.  By  filling  the  gap  with  an  RF  gasket  for  the 
flange  on  each  side,  the  irrqredance  due  to  the  whole  system  was 
reduced  to  about  4  X  10*^  G  (see  Fig.  6).  Also  using  the  gating 
function  built  into  the  HP  8510,  the  impedance  contribution  due 
to  the  valve  itself  is  separated  frmn  the  gasket  More  detailed 
measurement  results  can  be  found  in  referoice  [3]. 

The  loss  factor  was  measured  in  the  time  dmnain  and 
the  results  are  surrunarized  in  TaUe  1.  The  bunch  length-depen¬ 
dence  of  the  loss  factor  is  plotted  in  Fig.  4.  This  was  done  by 
varying  the  frequency  span  to  get  a  different  synthetic  pulse 
length. 
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CSyittkeik  Pulse  vs.  Real-Time  Pulse 


Tdile  1  IngiedMoe  wl  Lott  RKtar  of  iMtadon  Valve 


Imlaliaa  Valve 

fnytifT*? 

• 

Lo« 

EZX*H 
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«A>R#Lfanr.OMhat 

OM 
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not  avail- 
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To  verier  ibe  tyndietk  pulae  tecfankyies,  a  leal-tune  pulse 
wM  enqidoyed  to  aaeaBuie  the  loas  panea^.  The  tnasmissioa 
dtta  was  measured  adth  the  found  intnisioD,  having  similar 
measurement  panmeterg  such  as  pube  length,  average  number, 
etc.  [3].  As  one  am  see  in  Hg.  6.  the  results  fiom  the  two 
techniques  are  In  very  good  agreements.  But  the  measurement 
earor  with  the  real-tim  pulse  is  larger  beouise  of  jitter  in  the 
pulse  genemtor.  The  real-ciine  pulse  is  not  suitable  for  small 
loss  Ihcior  measurement  below  1  xlO  V^. 


I.. 
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-r  T  ■  I  "  -'I  ^  1  ■  I 

1  a  s  4  s  • 

Buneh  langlh  (en) 


Wound  mtwlon  (cm) 

Rg.6  Synthetic  Pulse  VS.  Real-Time  Pulse,  S21 
measured  with  the  Round  Intrusion. 


Fig.4  Loss Rtciar of bcdadon Valve, vaiying the fiequency 
qpan  to  get  a  different  bunch  length  of  the  beam 

A  Photon  Ai^mlier  Intrusion 

The  eneigy  loss  doe  to  the  intrusion  can  also  be  measmed 
with  the  r^lecied  signal  similar  to  Eq.  (1).  The  loss  parameter 
odculaied  widi  die  syndietic  pulse  bom  SI  1  is  shown  in  Rg.  5. 
It  can  be  easily  seen  that  the  loss  parameter  of  the  linear  in¬ 
trusion  is  s^nificantly  less  than  the  round  one  with  same 
amount  of  intnision.  A  similar  condusion  has  beoi  made  with 
MAFIA  cakolaiioiis.  [4] 


Rg.  5  Loss  Parameter  foe  Round  and  Linear  Intrusions 
Obudoed  fiom  Sytthedc  Rilse  Measurements 


V.  CONCXUSION  AND  DISCUSSION 

An  RF  liner  in  die  istdadon  valve  and  a  good  RF  contact 
between  the  flanges  reduced  the  cooiding  impedance  to  a  satis- 
fiactorily  low  levd.  The  measured  inqiedaooe  due  to  160  isola¬ 
tion  vdves  was  about  0.4  percoitage  of  the  total  APS 
impedance  budget 

The  intrusioo  due  to  the  photon  absorba  should  not  pene¬ 
trate  more  than  1.5  cm  fiom  the  slot  into  the  beam  chamber  to 
avoid  increasing  the  coupling  impedance.  The  linear  intrusion 
gives  less  impedance  than  the  round  intnision. 
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Attinct 

IMB  was  mwrpd.  The  slot  dhMMioe  is  soMB  oom- 
pMsS  to  the  awvdnigili  of  hMenst.  The  ■ManoBBeMs  were 
doM  H  the  wire  erediod  with  the  syethetie  poise 
techolpnl]*  iwfttnfaynii  |gK>  spp*^  to  «**■*■  the 
ftftocthn  re^wwe  fot  e  stractore  that  does  aot  have 
Rppiopfigig  crilbcgtioo  tttBdttdg*  The  gMgsoRid  fttitfig  gi€  in 
good  apeeBseat  with  ralrnlated  hniwidancri  ari^  aaaiytical 
ftMiBaias  giveahyothegaadKas. 

LIKlRODUCnON 

la  the  desiga  ot  stocige  riag  components  for  the 
Advanced  PhoeoBSoaroe(APSX  it  is  often  necessary  to  open 
vacaam  paaqiiag  holes  in  the  beam  chamber  wall  Thm 
holes  are  long  and  nmrow,  located  in  the  kmgitodiud 
dhoctloQ  of  the  heaot  pipe  to  adniadae  their  tttstaihaiioe  to  Ae 
wan  caneat.  ^nce  there  are  a  great  namber  of  sach  holes  in 
the  stomgB  ling,  the  inqwdance  indneed  Iqr  diese  slots  is  of 
mocb  concern. 

This  paper  presents,  the  resalt  of  a  measatement  on  die 
coafiling  hapedsnoe  dne  to  a  shtgle  dot  aaing  te  whe  BMfaod 
with  synthedc  poise  tedndqne.  Oadag  tBchikinB  was  applied 
to  ohtaiB  the  fteqaency  damafai  leflecdoo  of  the  slot  when 
csIftcsiQB  stBidvdR  wttc  flKft  gvgfigjbte  fop  fog  Ibggtt  chggfogp* 
The  lesdts  show  that  dds  method  is  modi  amre  capable  in 
measaring  resafl  skoals  than  real  pidae  racasaremeat.  IBe 
aieatoied  tepedanoe  was  cranpsred  addi  ralralailoBS. 

n.  THEORETICAL  CALCULATION 

In  the  post  decades,  eaiensive  state  on  the  rvettore 
coapUng  prcMem  have  been  done  Iqf  many  researchers.  Most 
of  these  state  were  baaed  on  Bethels  theory  of  difliiactioo  by 
small  rgrectares  [1].  An  apertore  is  coosideted  saull  if  hs  di- 
menslen  is  less  dun  a  CnedGn  of  the  wavdei^  <rf  the  exdta- 
don  sigaad.  Reflected  and  ooiqded  Adds  were  generated  doe 
to  the  existeace  of  the  apertnre.  These  fields  can  be  considered 
as  excited  by  eqoivate  sources  that  consist  of  an  eiectric 
d^xde,  a  raafnedc  dipole,  and  a  magnetic  qoadrupoieO].  The 
electric  prdiaixabilfty  and  asagnetic  soscqitihility  of  these 
d^xdes  ate  readily  available  for  circolar,  dl^pdc,  and  othre 
common  apertnres  [2],  P].  Ihe  beam  coqrihig  impedance  ot 
an  apertore  can  be  oipressed  in  terms  <rf  these  pofairiztdiiliiies 
[3].  A  loi^  narrow  slot  can  be  appnMdmaied  by  an  ell^ise  with 
a  large  eccentricity.  The  coupling  iaqwdance  such  a 
rectangular  slot  is  giren  by  [4]: 

*  Work  supported  by  U.S.  Dqintmeat  of  Ener^,  Office  of 
Basic  Sden^  under  contract  W-31-109-END-38. 

**  of  EOE.  IBhiois  bsthute  of  Techndogy. 


<*> 

where  Zd  is  dm  chamcteristic  hapedsnoe  of  the  beam  pipe  and 
center  wire  structure;  at  is  die  angdarflequency  of  exeftadon; 
c  is  the  speed  of  l^ht;  f  and  w  are  the  ku^  and  widdi  of  slot; 
and  b  is  rate  of  cyfindrioal  beam  pipe. 

In  Eq.(l),  the  slot  is  ooaeidesed  to  be  of  aero  tteuess. 
Accoeding  to  R.  flhidrstent  [S],  the  coupltag  impedance  of  a 
chcolar  hole  in  an  hdhriiBly  ddefc  wafl  wBl  have  a  value  vdiicfa 
is  S6  %  of  dnt  to  xcn>  tMckneis.  We  can  take  this  vriue  as  a 
reasonable  euimarifin  oo  the  impedance  leductioo  to  the  rect- 
angtesloL 

Note  that  the  coupling  jaspedasice  is  purdy  imagiaaty 
bdow  cut'Off  fieqnency  of  the  beam  p^  asid  is  linearly 
propordosud  to  the  asiinhaf  ftequency  cs. 

In  this  iBcatiaesnent,  the  beam  pipe  has  a  tectaiq|alar 
cross  aeetioti.  Since  EqXD  only  applim  to  chadar  beam  pnws. 
we  use  an  mimated  tarhus  of  the  recrangnlar  pipe  for  the  cal- 
cofattiOB.  The  parameters  to  die  test  chamber  are:  Z(p88  Q; 
M  cm;  wO.4  cm;  b««2  cm.  The  calraiated  result  is  shown  hi 
Hg.3. 

m.  EXPERIMENTS 

3.1  QmpUegImpedanubyRi^Uc6m 

The  expertaneatal  setup  is  shown  in  Hg.  1.  The  test 
diamber  hm  a  sectangular  cross  section  with  a  dimeasioo  7 
X  4  CBS.  A  narrow  slot  is  placed  longiliidhiaHy  fat  the  adddle  of 
the  common  wall  The  slot  dfancnslon  is  S  x  0.4  cm.  The 
thickness  of  the  beam  pipe  is  0.64  cm.  The  measurements 
were  made  in  die  fieque^  domain  (0.043-45^  (91^  using 
a  HP  8S10B  network  aml:^.  Here  are  201  dam  points  mea¬ 
sured  to  the  teflecdon  Sn.  The  average  funedoo  of  the  ana¬ 
lyzer  was  applied  to  tednoe  the  noise  levd.  The  results  were 
transtomed  ioto  daae  domidn  by  die  buifa-fai  IFFT  routine. 
Since  there  are  no  cattbradaB  standards  avaifadile  to  the  rect¬ 
angular  p^ie,  die  caHbtadon  can  only  be  made  iqi  to  the  end  of 
the  comiecting  cables.  In  order  to  eliminate  all  the  reflecdons 
from  the  tapers  and  adapters,  the  Gating  fimetion  was  apfdied 
to  the  rdlected  synthetic  pulse.  In  this  wi^.  the  reflection  due 
to  the  slot  itself  was  obtained  in  the  time  dormdn  as  wed  as  in 
frequency  domain.  This  result  can  be  used  dfaecdy  to  estimate 
the  coupBt^hiqiedance  of  die  sfaigle  narrow  slot 

There  are  two  things  one  has  to  consider  in  this  Gating 
tecfaniqae.4)nB  is  the  influence  of  the  taper  on  the  magniuide 
the  pulse.  The  epical  reflection  coefficient  of  the  Mper  is  r 
a  03.  Since  the  retocted  pulse  tiavds  twice  duough  the  taper, 

its  magnitude  is  reduced  by  a  factor  of  1  -  =  90  %.  The 

otho- tfata^  is  dutt  there  is  a  DC  cunent  oonqionem  cooutined 
in  the  syi^etic  puke,  whicb  k  the  t^tot  due  to  systonadc  er¬ 
ror.  If  this  component  is  not  diminaied  in  the  time  domain 
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dMik  dM  d»  mriiinf  Sii  ii  ite  fie^MBcy  dooMta  wou^ 
dilKMiBd  dnwMicrily  9l  low  ftcquBBCto.  In  ofdor  to  eliiiifaiais 
tUi  flmv.  •  ictoeaot  ckM^  wliidi  bM  ao  alot  in  die  cham¬ 
ber  waB.  ww  WBd.  Ite  tine  dooMio  npooae  of  tte  nefenooe 
clHOte  waa  sataacied  that  of  Ihe  slot  Ite  obtaioed  le- 

saka  hi  Ihe  tee  and  tmfimcy  donuBns  are  sbowa  hi  Hg.  2. 
The  stfkctei  deiBGSed  this  BBethod  is  on  d»  Older  of  1(H. 

This  is  ha  beyood  the  capability  of  reel  poise  mcasurrmeai  for 

&ypooe  the  oonductei  and  ladiatiaa  loss  hi  the  slot  is 
tt^[Kgflile.  After  some  derivttioa.  we  obtahi  the  beam  coo- 
pa^laniedaiiceiineniisofSii: 

a  .  afii£  0) 

a  a  '  ' 

where  IJd  is  the  revolniioo  firequency  of  the  beam  in  the 

Stonge  ring  (271^5  KHz  for  APS)  and  Zl  is  the  characteristic 
inqyedancB  of  the  lest  chamber  and  center  wire  strnctare. 

The  ooiqdiBg  impedance  of  one  slot  obtained  using  Eq. 
(2)  is  iriotted  in  Hg.  3.  It  can  be  seen  thtt  the  lesnlt  is  in  good 

IZI 

agreemmtt  with  the  calculation  of  Eq.(l).  The^ttf  the  slot  is 

estimated  to  be  2  X  10**  Q  .  The  measnred  lesolt  deviates 
fiom  the  calculation  when  &1.3GHZ.  This  inqilies  that  the 
snudl htdeiqipraximatianis valid forf< IJ  QHz(/<0.2X). 

3.2  Cmiplaig  Imped<mce  by  Ra^batkM 

In  the  previoos  section  we  Obtained  the  coupling 
inqiedanoe  due  to  the  reflection  under  the  assunqNioa  that  the 
fudhaed  oiogy  loss  through  the  slot  is  n^gible.  While  the 
reflected  energy  cocresponds  to  the  imaginary  part  of  the 
inqiedance  Im^.  the  ndiatian  energy  loss  contributes  to  the 
real  part  of  the  coupling  inqiedanoe  Re(Z).  According  to  the 
derivation  of  S.  Knrennoy  [3],  for  a  small  hole(/A«l).  we 

have  the  idation: 


Hgure  4  shows  the  result  for  coiqiling  measuremeat  The 
top  two  corves  are  S41,  S31,  ndikh  represent  die  rignal  cou¬ 
pled  through  the  slot  fiom  port  1  to  ports  4  and  3,  reqiecdvdy. 
These  fie^ieacy  dmiiain  le^onses  are  obtained  by  qifdying 
Gating  ftmction  to  die  dme  domain  syndietic  pulse.  Obs^e 
thatSai  is  about  20  dB  higher  than  841;  the  slot  behaves  Ite  a 
directional  ooiqder  in  the  measured  fieqoen^  range.  The  bot¬ 
tom  two  ewes  are  dme  domain  syndiedc  pulse  responses  for 
ports  3  and  4.  Hie  second  peak  in  S41  is  fiom  the  multiple  re¬ 
flection  of  port  3  because  the  mating  tqiers  do  not  have 
very  good  characteristic  at  dieae  low  fiequendes.  This  cm  be 
verified  fiom  the  4-ns  dme  delay  between  the  two  peaks 
which  exactly  conesponds  to  the  loigth  the  chamber.  Horn 
the  tee  domain  lertdt,  we  can  see  that  the  coiqiling  signal, 
S31,  is  S3  pmrits  while  the  reflected  signd  is  520  pUnits  (see 
Hg.  3).  Tte  the  energy  radiaied  through  the  slot  is  about  only 
1  percent  of  that  reflected  by  the  slot  This  verified  the 
esdmathm  Eq.(3). 

It  is  also  obswed  fiom  Hg.  4  that  S31  has  a  linear  de¬ 
pendence  on  frequency,  since  the  top  curve,  which  is  for  S31, 


is  quite  atelar  to  a  logarithm  carve  on  the  semi-log  plot  This 
conclusion  holds  only  for  a  small  riot  itfk  «  1).  F^ure  3  is 

te  measnreaaeat  result  of  te  same  slot  for  S3 1  up  to  a  hitler 
frequency  (4C91z).  The  Ihiearily  of  831  is  onty  seen  for  f<  1 
GHz.  A  resonance  at  3  GHz  is  observed.  Reci^  that  the  slot 
length  is  S  cm;  this  lesonance  happened  m  half  wave-length  (/ 
<B  X/2).  Similar  resonance  wm  also  observed  for  reflection 
(Sii)  at  te  same  fiequency  (not  shown  here).  Shice  both  re- 
flecrionandcouplhigwereobaeivediohaveaieduoedampli- 
tnde  at  resonance,  one  should  andc^inie  thm  the  transmis^ 
(S21)  has  amaxhaum  vdue  vdiea  the  half  wavelength  equals 
die  slot  length.  Until  now,  we  were  not  sMe  to  observe  this  di¬ 
rectly  fiom  measurement 

Hg.  6  shows  the  measured  coiqillag  for  diffemit  wall 
thicknesses.  Pram  top  to  bottom,  the  three  ewes  are  for  waU 
thicknesses  of  0.4,  32,  and  6.4  mm.  reqiecdvely.  On  this 
sensi-log  (dot  the  three  curves  are  eqimlly  qpoced  by  a  20-dB 
difference.  This  suggests  that  the  coupling  dqiends  on  waU 
thickness  exponentially.  This  agrees  with  the  prediction  of  M. 
Sods  [6]. 

IV.  CONCLUSION  AND  DISCUSSION 

The  beam  coupling  impedance  of  a  single  slot  has  been 
measured  using  the  wire  method  with  synthetic  pulse  tech- 
nkpie.  Gating  was  apfdied  to  eliminate  the  influence  of  tapers 
and  adapters.  The  systematic  error  in  the  dme  domain  re¬ 
sponse  was  corrected  using  a  reference  chamber.  The  mea¬ 
sured  results  agree  quite  wdl  with  analytical  formulae  given 
by  other  authon.  The  inqpedance  Z/ii  of  a  ringle  slot  was  mea¬ 
sured  to  be  2x10*^  Q.  For  small  herfes,  the  iovedanoe  is  domi¬ 
nated  by  hs  imaginary  part  vdiich  is  due  to  reflection.  Its  real 
pert,  which  is  te  to  radiation  loss  through  the  hote,  is  negli- 
giUe.  The  small  aperture  approximation  is  valid  when  slot 
length  is  less  than  one-fifth  ^  the  wavelength.  Both  reflection 
(811)  mid  coupling  (831)  have  a  linear  dqiendmice  on  fie- 
quency  for  small  holes.  Resonance  was  observed  when  the 
half  wavelmigth  equals  slot  length  The  influmice  ol 

the  wall  thickness  on  reflection  and  coupling  was  also  exam¬ 
ined  fiom  measured  results. 
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la  thk  work  we  derive  a  ftmnalism  fm  quantifying  such 
effects  in  an  ideafiaed  cavity  inunetsed  in  an  arbitrary 


Aigtraet 

A  fbnnalisin  is  devdoped  for  the  analyns  of  eoOective  in' 
stabilities  in  standing-wave  systems.  The  analysk  pw* 
mits  a  unified  treatment  of  the  coupled-cavity  free-electron 
laser,  rdativistic  kfystrons  and  other  hi^  power  mi- 
crawsise  sources.  Coupling  from  both  transverse  and  Ion- 
gitudinsi  beam  motion  is  included  in  the  calculation  of  the 
transverse  aad  longitudinal  impedances. 


I.  Introduction 

An  understanding  <ff  hi^powm  microwave  sources  and 
tbesr  sealingB  is  crucial  to  the  future  of  high-energy 
electrcm-positron  coQiders.  In  fitKt,  the  ttadeofb  between 
rf  breakdown  aad  beam  break-up  scalings  {!]  is  ceq>onsi' 
ble  for  the  current  cMuensus  that  future  linear  collides 
should  be  powered  by  sources  with  an  migrating  frequency 
in  the  10-20  GHs  range.  Slow- wave  devices  ate  expected  to 
produce  the  power  levels  requited  at  the  lower  frequencies. 
However,  they  have  also  exhilnted,  at  higher  frequencies, 
what  is,  in  fad,  ani  intrinsic  problem  for  such  rf  sources: 
whm  the  structure  is  small  enough  to  couple  effectively  to 
the  kmgitudind  beam  rootkm,  it  abo  couples  effectively 
to  the  transverse  motion.  This  results  in,  ammig  otha 
undemable  phenomenu,  beam  break-up  aad  pulse  shmt* 
ening  [2]. 

lb  circumvent  this  scaling,  the  “coupling  impedance” 
of  the  denred  hmi^udinal  mode  should  scale  indepen¬ 
dently  from  that  ftsr  those  TM  modes  which  produce 
beam  break-up.  In  effect,  tius  requires  dreumventing  the 
PanoUy-Wensel  theorem  [4].  One  method  of  acccxnplish- 
iag  this  has  been  prm>OMd  in  the  ftmn  of  a  ‘btaading- 
wave”  fitee-deetron  lam,  in  idiich  transverse  oscillatory 
motioD  is  induced  by  a  magnetic  wig^.  Since  the  dengn 
midt  takes  the  beam  off-axis,  the  premise  of  the  Paaofrky- 
Wensei  theewem  fails,  as  does  its  conefaMkm. 

*Watk  sopported  bp  US.  Dept,  of  EBWgPt  DlviiiaB  of  Nudear 
and  Phpdci 
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plane  polarised  magnetic  field.  Ihe  formalism  in  essence 
exteneb  the  wealth  of  work  on  Imigitudinal  [6]  and  trans¬ 
verse  (7]  instabilities  to  include  systems  where  the  design 
particle  wbit  is  curved  within  the  cavity.  In  such  “mag¬ 
netised  cavHias”  the  coupling  impedance  describing  longi¬ 
tudinal  bunching  can  depend  on  the  applied  field.  This 
pennits  one  to  enlaige  the  rf  structure,  so  as  to  reduce 
undesirable  transverse  wakefieMs,  while  maintaining  the 
denred  longitudinal  coupling.  Previous  workm  [8]  have 
calculated  the  coapling  impedances  in  a  cyclotron  reso¬ 
nance  maser  with  a  traveling  wave  interaction  r^on  and 
a  single  cavify. 

In  the  SWFEL,  the  power  is  produced  in  a  series  of 
uncoupled  cavities  (the  rf  is  cuti^  between  the  cavities), 
each  of  which  is  of  <»dec  one  wiglet  oecillation  in  length. 
Ihe  PEL  thus  (qMcates  as  a  standing-waeve  device.  The 
propagating  beam  provides  the  only  coufding  between  the 
cavities.  Numnical  studies  [9]  of  the  SWFEL  have  exam¬ 
ined  phase  sensitivity  and  longitudinal  particle  stability. 
In  the  stMiding  wave  PEL  has  many  similarities  to 
the  relativistic  klystron,  the  main  deference  between  them 
bmg  that  the  PEL  produces  power  throu|d^  the  coupliiu 
of  the  transverse  wiggle  oscdlstkni  with  the  transverse  E 
fidd,  while  the  klystrrm  couples  the  longitudinal  conq>o- 
nents  (£«  with  o«). 


II.  Coupling  Impedances 

Assume  that  a  bunch  with  unit  charge  entm  a  cavity  at 
f  =  0.  The  particles  move  transversely  as  well  as  lon- 
ptudinally,  due  the  presence  of  a  magnetic  fidd.  Ihejr 
trajectory  and  velodty  inside  the  cavity  is 

r(z)  =  *j(z)k  -I-  zi,  v(z)  =  si(z)k  +  v,i.  (1) 

As  the  bunch  moves  throu|d>  cavity,  it  excites  cavity 
modes.  Without  loss  of  generality,  we  may  consider  a  sin^ 
cavify  mode.  The  vectev  potoitial  of  the  mode  can  be 
r^resented  as 

A  =  ^f(t)n(p),  (2) 
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wbm  a(r)  mImUm  tlie  ipinopriate  boundary  condUioM 
OB  ih«  Mid  it  normaiited  to  the  vdume  V  of  the  cavity: 

yd»r|B(»)P*V^-  (8) 

Alto,  f(f)  it  the  aiiq)Utude  of  the  cavity  excitation  and  can 
be  determined  from  a  knowkdfe  ef  trajectory  and  velocity 
oi  the  bunch: 

•«'>= 

(4) 

Here  G(i)  it  the  cavity  responte  Green  function: 

G(t)  =  (5) 

where  Oj  =  wj  -  with  ux  the  reaonant  frequency 

in  the  abtence  of  damping  and  Qx  the  quality  factor  of  the 
excited  mo<k.  d(t)  it  the  step  function. 

We  assume  a  unit  charge  test  particle  enters  the  cavity 
at  time  t  =  to  with  trajectory  r2(r)  and  velocity  V3(x). 
The  test  particle  wiU  experience  the  cavity  mode  excited 
by  the  first  bunch.  The  longitudinal  wakefield,  defined  to 
be  the  total  energy  loss  of  the  test  particle,  is  then 

•t-'W  = 

0>  *0  •  0.  *)  • 

V,  e* 

We  are  interested  in  the  cases  where  the  initial  cdfsets 
for  both  the  leading  and  trailing  bunches  are  small.  Then, 
the  dominant  contributions  to  the  longitudinal  wakefield 
can  be  computed  assuming  both  bunches  follow  the  same 
orbit: 

iVlCto)  =  yl/  d«'"**'*‘a(x(r),0,r)  • 

(7) 

The  longitudinal  coupling  impedance  is 

M  (8) 

In  Eq.  8,  the  longitudinal  shunt  impedance  izj|  is  given  by 

(9) 

This  expresnon  is  valid  for  any  particle  orbit  in  the  cavity, 
and  includes  both  the  transverse  and  longitudinal  coupling. 

As  an  example,  consider  the  SWFEL  in  the  limit 
that  the  betatron  motion  can  be  ignored  (i.e.,  the  be¬ 
tatron  phase  advance  per  cavity  is  small).  The  one¬ 
dimensional  vector  potential  for  a  planar  wiggler.  A*  = 
cos  kwxfi,  can  be  used  to  find  the  particle  motion: 

'iW  = 

»(»)  =  (18) 
7  "  7 


farther  calculations  ci  the  shunt  impedance  require  a 
knowledge  the  cavity  mode.  Here  we  take  the  modes 
of  a  rectangular  cavity  with  tramverse  dimeMions  a  and 
k,  and  longitudinal  dimennon  d.  c(0)  s  a/2  is  at  the  cen¬ 
ter  of  the  cavity.  For  tlw  cq>erational  mode  TEoip,  the 
shunt  impedance  is 

^  iSbsL\'»  ni) 

F«  other  modes  (T£  and  TM),  the  shunt  impedance  is 
non-seto  only  if  n  is  odd.  I^th  tn  even,  and  a  TE  mode, 

(f)* 

Here  sin  0/0  is  the  largest  transit  time  factor  with  0  = 
db  i  k«)d/2.  When  m  is  odd, 

<Jm«,  "  +  0  ^  ^ 

Here  Am  =  (mra„/y0tk,a)a,  and  0  =  (^±^±24*)d/2. 
When  the  mode  is  TM  and  m  is  even. 


flmny  _  4e  /Sindp 

Qmn,  +  2  50?^  0  ^  ' 

(14) 

Here,  fi  =  (M)*  +  (i^)J  and  the  0  s=  ±  ^  ±  k^)d/2. 

When  m  is  odd. 


Amnf  _  4x  ^8in0^3  /8e\ 

^  Wm»,V  0J  +  (^)a^1"'  * 

and0  =  (^±^)d/2. 

The  transverse  impedance  is  found  from  the  Fourier 
transform  of  the  transverse  kick  per  unit  charge.  For  sim¬ 
plicity,  we  present  results  only  for  particle  motion  in  x- 
direction  (the  wiggle  plane).  The  transverse  fixce  experi¬ 
enced  by  a  unit  ^arge  test  particle  is: 


The  net  transverse  kick  is 


K{to)=  f 

Jt, 


Assuming  the  frmit  and  end  walls  of  the  cavity  are  per¬ 
pendicular  to  the  axis,  we  can  drqp  the  sur&ce  term  and 
find 


m) = T  r  r 

Je  Je  ®« 
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III.  Conclusions 


K(i)  with  r««MCt  to  aa  initial  oflbat  «o  of  the 
Wndint  ykM»  tV'^(te)  »  ^(fo)/«o: 

“  *  (19) 

Using  Eqs.  5  and  19, 

m 

In  Eq.  20,  the  transverse  shunt  impedance  is  given  by 

§=^i/ ^i’-  («) 

Comparing  with  the  h>ngitudinal  shunt  impedance, 
Eq.  9,  we  note  a  derivative  of  the  vector  potential  with  re¬ 
spect  to  the  transverse  position.  Thus,  we  can  read  off  the 
results  hw  the  transverse  impedance.  For  the  T E  modes, 
when  both  n  and  m  are  odd. 


^n>  _  c  .mu 

gnu.,"  a  ^  Qoi,(a)a-Kf)»^ 

When  n  is  odd  and  m  is  even. 


sin  9 

T" 


)».  (22) 


n 

_  «  C  .me.jfZgiy  (f)^  /«u»9  , 

^  goi,(?)’+(f)’^' « ^  ■ 

(23) 

For  the  TM  iiK>des,  when  both  n  and  m  are  odd. 


(24) 

When  n  is  odd  and  m  is  even,  we  get  the  well-known  trans¬ 
verse  BBU  iiiq>edance: 


4*e  26*d* 


f^np  _  ^me^a  4wc  2^V  /»ip9^a 

a  ^  u,>.„,V«»  +  (lf)>^  9 


(25) 


Ibr  TAf  modes  there  is  off-rescMiant  DC  deflection,  which 
will  be  examined  in  a  future  paper. 

Using  the  above  definitions  for  the  impedances,  BBU  cal¬ 
culations  proceed  in  the  usual  manner.  For  example,  in  the 
long  beam,  hi^  Q  limit,  both  transverse  (y  =  x)  or  lon¬ 
gitudinal  (v  =  r,  the  delay  in  arrival  time  with  respect  to 
the  synchronous  electron)  BBU  from  a  single  cavity  mode 
can  ^  found  from  the  coupled  equations: 


where,  with  a  beam  current  I  and  a  single  cavity  transit 
time  To,  the  constant  C  is  given  by 


C7  = 


( 


longitudinal, 

transverse. 


(28) 


In  a  typical  SWFEL  design,  the  interaction  cavity  is  highly 
overmoded.  As  a  consequence,  a  realistic  wake  consists  of 
a  number  of  superimposed  modes.  These  modes  will  irot 
be  ipven  by  the  idealised  cavity  modes  described  herein, 
but  rather  need  to  be  calculated  numerically  for  the  par¬ 
ticular  structure.  These  more  realistic  modes  will  produce 
some  BBU  growth  through  the  conventional  mechanism 
(that  a  particle  slightly  off  axis  couples  to  an  E,  field), 
and  will  also  generate  BBU  through  the  magnetised  cavity 
mechanism  described  herein.  An  analysis  of  BBU  which 
includes  both  realistic  cavity  modes  and  wiggling  particle 
trajectories  is  a  topic  for  future  research. 
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Ab$traet 

Hie  langitwiinal  impedance  of  a  kicker  magnet  system 
for  the  proposed  KAON  factory  has  becai  measured  from 
0.3  to  200  MHs.  The  measuiwnent  was  done  by  trans¬ 
forming  the  kkker  magnet  under  test  into  a  coaxial  line  in 
ordor  to  measure  the  transmission  parameter  Sn  through 
the  line.  The  measurement  was  performed  in  two  fre¬ 
quency  ranges.  From  0.3  to  50  MHs  the  magnet  was  trans¬ 
formed  into  a  50  n  coaxial  line,  and  from  45  to  200  MHz 
into  a  180  O  coaxial  line.  Resonances  in  the  longitudi¬ 
nal  impedance  spectrum  are  due  to  the  electrical  resonant 
modes  of  the  kicker  magnet  system.  The  effect  on  the  lon¬ 
gitudinal  impedance  of  a  speed-up  network  and  a  saturat¬ 
ing  inductor,  installed  on  the  input  to  the  kicker  magnet  to 
improve  its  kick  performance,  was  determined.  The  speed¬ 
up  network  can  damp  some  of  the  resonances  whereas  the 
saturating  inductor  can  eliminate  the  resonances  due  to  the 
input  cable  of  the  kicker  magnet.  Above  45  MHz  where  at¬ 
tenuation  in  the  LC  cells  of  the  kicker  mt^et  is  strong, 
external  components  connected  to  the  kicker  magnet  have 
negligible  influence  on  the  longitudinal  impedance.  Hence 
the  longitudinal  impedance  spectrum  of  the  kicker  m^pftt 
in  the  45  to  200  MHz  frequency  range  does  not  depend 
on  external  components  sudi  as  the  speed-up  network,  the 
saturating  inductor  and  the  input  and  output  cables. 

I.  Introduction 

In  the  proposed  KAON  factory  a  high  intensity  beam  of 
100  fiA  is  accelerated  to  30  GeV  step  by  step  in  a  series 
of  5  acciflerator  rings.  Kicker  magnets  will  be  used  to  in¬ 
ject  and  extract  the  beam.  A  1  MHz  beam  chopper  [1,2] 
will  be  used  to  create  giqw  in  the  beam  during  which  the 
Held  in  the  kicker  magnet  must  rise  or  fall  from  1%  to 
99%  in  order  to  minimize  beam  losses.  The  time  interval 
of  the  g2q>  created  is  approximately  108  ns  long.  The  re¬ 
quired  rise  (fall)  time  of  eadi  kicker  magnet  varies  from 
ring  to  ring.  The  fastest  rise  (fall)  time  will  be  82  ns  [2]. 
The  design  of  these  kicker  magnets  is  based  on  those  of 
CERN  PS  Division.  Each  kicker  magnet  consists  of  many 
LC  cells.  Each  cell  consUts  of  ferrite  C-cores  sandwiched 
between  high  voltage  capacitance  plates.  Hence  a  charac¬ 
teristic  impedance  for  a  kicker  magnet  can  be  defined  in 
terms  of  the  inductance  and  capacitance  of  its  LC  cells  . 
The  iigection  and  extraction  kidcer  magnets  in  the  KAON 
factory  will  have  a  designed  characteristic  impedance  of 
25  n  with  the  exception  of  those  in  the  booster  ring  which 
will  be  16.7  Q  (2). 

Loniptudinal  impedance  characterizes  the  interaction  of 
the  beam  with  accelerator  components  in  the  frequency  do- 
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Figure  1:  Block  diagram  of  the  kicker  magnet  ayatem. 


main.  In  terms  of  equivalent  circuit  representation,  this  in¬ 
teraction  can  be  described  as  mutual  coupling  between  the 
beam  and  accelerator  components.  In  order  to  acliieve  high 
beam  intensity  and  energy,  collective  instabilities  driven  by 
longitudinal  impedsmces  must  be  minimized  or  carefully 
controlled.  Thus  all  accelerator  components  which  can  give 
a  large  contribution  to  the  total  longitudinal  impedance 
have  to  be  carefully  designed  and  measured  before  instal¬ 
lation.  Due  to  the  large  number  of  kicker  magnets  required 
in  the  proposed  KAON  factory,  their  contribution  to  the 
total  longitudinal  impedance  should  be  determined. 

II.  Kicker  Magnet  Systems 

A  kicker  ms^et  system  consists  of  pulse-forming  net¬ 
works,  transmission  cables,  several  kidcer  magnet  modules 
with  speed-up  networks  and  saturating  inductors,  and  re¬ 
sistive  or  short  terminations.  Sp>eed-up  networks  and  sat¬ 
urating  inductors  are  components  whidi  improve  the  per¬ 
formance  of  the  kicker  magnets  [4,5].  To  avoid  reflections 
in  the  system,  the  characteristic  impedance  of  all  the  com¬ 
ponents  is  matched  as  close  as  possible.  The  input  cable 
from  the  kicker  ms^et  (T*  in  Fig.l)  is  connected  to  the 
main-switch  thyatron  of  the  pulse-forming  network.  Thus 
when  the  main-switch  thyratron  is  in  the  off  state,  this 
end  of  the  cable  is  effectively  open  circuit  (see  Fig.l).  The 
output  cable  (T«  in  Fig.l)  is  usually  connected  to  a  resis¬ 
tive  load.  For  the  extraction  kicker  magnets  in  the  booster 
ring,  the  outputs  of  the  magnets  may  be  shorted  [2]  and 
there  are  no  output  cables  needed. 

As  part  of  the  KAON  Factory  project  definition  study 
a  prototype  kidcer  magnet  has  been  designed  and  built 
at  TRIUMF.  PSpice  modelling  [3,4]  has  been  done  to  de¬ 
termine  optimal  values  of  circuit  elements  for  the  speed¬ 
up  networks  and  saturating  inductors.  The  prototype 
magnet  [2]  is  wired  up  for  each  electrical  configuration 
in  which  it  would  operate  and  then  the  transnoission  pa¬ 
rameter  531  u  measured  to  determine  the  longitudinal 
impedance.  The  effect  of  the  cables,  the  speed-up  net¬ 
work  and  the  displacement-current  suppression  saturating 
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inductor  (DISI)  on  the  total  longitudinal  impedance  is  de¬ 
termined. 


III.  Transformed  Coaxial  Lines 


We  performed  longitudinal  impedance  measurements  by 
transforming  the  kidcer  magnet  under  test  into  a  coaxial 
line  by  putting  in  a  central  wire  in  order  to  measure  the 
transmission  parameter  S31  through  the  line.  The  cen¬ 
tral  conductor  emulates  the  charged  particle  beam.  FVom 
coaxial  transmission  theory  we  can  calculate  the  longitu¬ 
dinal  impedance  from  the  transmission  parameter  Sji.  In 
order  to  minimize  the  presence  of  unwanted  reflections  in 
the  line,  matching  sections  are  used  to  maintain  as  much 
as  possible  a  constant  characteristic  impedance  through¬ 
out  the  line.  We  measured  the  transmission  parameter 
from  0.3  to  200  MHz  in  two  steps.  From  0.3  to  50  MHz  we 
transformed  the  kicker  magnet  into  a  50  0  coaxial  line  and 
from  45  to  200  MHz  into  a  180  0  coaxial  line.  Semi-rigid  50 
n  test  cables  were  used  to  cormect  the  transformed  coaxial 
lines  to  the  HP  network  analyzer.  For  the  50  0  line,  HP 
standards  and  calibration  procedures  were  used  to  elimi¬ 
nate  the  systematic  errors  of  the  test  cables.  Similarly  for 
the  180  n  line,  we  used  the  TSD  (Through,  Short,  Delay) 
calibration  method,  which  can  calibrate  tho  measurement 
assembly  from  the  network  aralvzer  up  to  the  transformed 
coaxial  line  [6].  The  TSD  calibration  standards  consist  of  a 
Through  pipe  ,  a  Short  plate,  and  3  Delay  pipe.  Error  par 
rameters  are  calculated  from  the  TSD  calibration  and  then 
used  to  extract  corrected  transmission  parameter  S-^  . 

IV.  LONrUTUDINAL  IMPEDANCE  AND  TRANSMISSION 
Coefficient 


To  obtain  the  longitudinal  impedance,  transmission  pa¬ 
rameter  through  -the  transformed  coaxial  line  is  mea¬ 
sured  and  compared  to  that  through  a  section  of  refer¬ 
ence  pipe.  A  series  impedance  Z(,  which  can  be  extracted 
from  the  transmission  parameter,  represents  the  longitu¬ 
dinal  impedance  of  the  kicker  magnet  in  the  circuit  model 
of  the  transformed  coaxial  line.  For  the  reference  pipe  and 
the  transformed  coaxial  line,  the  conductance  can  be  ne¬ 
glected.  Thus  the  resultant  propagation  constant  7'  of  the 
transformed  coaxial  line  is 


y  =  /(R  +  jwL  +  Z,)(juC).  (1) 


The  transmission  parameter  52i  through  a  line  with  prop¬ 
agation  constant  y  is  exp(— jy/)  where  I  is  the  length  of 
the  line.  ^21  can  be  separated  into  the  real  and  imaginary 
parts  explicitly  to  first  order  as  follows  [6], 
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where  Ze  =  s/LfC  is  the  characteristic  impedance  of  the 
transformed  line.  These  two  equations  can  be  used  to  cal¬ 
culate  the  longitudinal  impeduice  IL  +  jXj  of  the  magnet 
under  test  after  transmusion  measurements  ure  taken  for 
the  transformed  line  and  the  reference  pipe. 

V.  Measurements 

To  confirm  that  a  calibration  is  successful,  the  longitu¬ 
dinal  impedance  of  the  brass  reference  pipe  is  measured 
first.  The  reference  pipe  should  have  very  low  longitudinal 
resistance  since  brass  is  a  very  good  conductor  in  this  fre¬ 
quency  range.  Typical  maximum  longitudinal  impedance 
of  the  brass  reference  pipe  is  less  than  0.3  -f  jO.2  0  from 
0.3  to  50  MHz  and  less  than  1  -I-  j3  D  from  45  to  200  MHz. 
The  longitudinal  reactance  for  both  frequency  ranges  in¬ 
creases  slightly  as  the  frequency  increases.  This  is  due  to 
the  phase  instability  of  the  long  test  cables  caused  by  a 
slight  variation  in  length. 

The  prototype  magnet  is  345  mm  in  length  and  tias  ten 
LC  cells  with  a  characteristic  impedance  of  30  D.  In  the 
proposed  KAON  factory,  kicker  magnets  will  be  short  cir¬ 
cuited  or  resistively  terminated  [2].  For  a  short  termination 
the  output  of  the  magnet  is  electrically  shorted  and  for  a 
resistive  termination  the  output  is  connected  to  a  matched 
resistor  by  a  cable. 

Below  45  MHz  resonances  in  the  impedance  spectrum 
are  produced  by  electrical  resonant  modes  of  the  kicker 
magnet  system.  These  resonances  are  evident  in  Fig.  2  and 
correspond  to  that  of  a  half-wavelength  resonator.  The 
maximum  longitudinal  impedance  for  the  shorted  magnet 
is  32  -b  j34  D  and  for  the  resistively  terminated  magnet  is 
26  +  j34  D.  Above  45  MHz  the  central  conductor,  whidi 
emulates  the  particle  beam,  does  not  couple  strongly  to 
other  components,  which  are  connected  to  the  magnet,  due 
to  the  onset  of  strong  attenuation  in  the  LC  cells  of  the 
magnet.  Hence  the  impedance  spectrum  from  45  to  200 
MHz  does  not  depend  much  on  the  termination  of  the  mag¬ 
net  nor  on  other  components  of  the  kicker  mi^et  system. 


Figure  2:  Longitudinal  impedance  of  shorted  kicker  magnet  with  and 
without  DISI  (No  speed-up  r-  rork,  Tx=192  ns). 
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The  maximum  impedance  is  30  +  jl25  0  in  the  45  to  200 
MHs  range  for  both  short  and  resistively  terminated  kicker 
magnets.  In  the  45  to  200  MHs  range,  the  impedance  spec¬ 
trum  exhibits  small  resonances  and  a  rising  slope. 

It  has  been  proposed  that  a  saturating  inductor  be  con¬ 
nected  in  series  between  the  input  of  the  magnet  and 
the  cable  T«  (Fig.l)  to  absorb  small  displacement  current 
pulses  before  the  main  power  pulse  so  as  to  improve  the  rise 
time  of  the  magnet  [4].  For  small  magnitudes  of  current  the 
saturating  inductor  has  a  high  impedance,  hence  effectively 
terminating  the  input  cable  as  an  op>en  circuit.  Resonances 
due  to  the  input  cable  are  eliminated  when  the  saturating 
inductor  is  connected  (Fig.2).  The  resulting  impedance 
spectrum  has  the  same  features  as  that  of  a  magnet  with 
its  input  open  circuit.  Fig.2  shows  the  impedance  spec¬ 
trum  of  a  shorted  magnet  with  and  without  the  saturating 
inductor  (DISI). 

The  effect  of  various  speed-up  networks  with  different 
values  of  capacitance  and  resistance  is  shown  in  Fig.  4.  A 
speed-up  network  is  connected  on  the  input  of  the  magnet 
to  improve  its  performance  [3,4].  A  capacitor  and  a  resistor 
in  series  make  up  a  speed-up  network.  Besides  shifting  the 
resonances  slightly,  the  resistor  of  the  network  can  damp 
some  of  the  resonances.  Hence  it  is  beneficial  to  connect 
the  speed-up  network  between  the  kicker  magnet  and  the 
saturating  inductor.  In  the  proposed  KAON  factory,  a 
gi4>  may  be  present  between  the  kicker  magnet,  which  is 
in  a  vacuum  tank,  and  the  beam  pipe  which  is  connected 
to  the  tank.  Such  a  gap  can  contributes  additional  low 
and  high  Q  resonances  with  large  values  compared  to  the 
longitudinal  impedance  of  the  magnet  system  (see  Fig.4). 

VI.  Conclusion 

We  have  determined  the  longitudinal  impedance  of  a 
kidcer  magnet  system  with  short  and  resistive  terminations 
and  the  effect  on  the  longitudinal  impedance  of  saturating 
inductors  and  speed-up  networks,  which  are  installed  to 
improve  the  kick  performance.  When  a  saturating  induc¬ 


Figure  3:  Longitudinal  resistance  of  kicker  magnet  with  speed-up 
networks  (no  DISI,  Tss30  ns). 


tor  (DISI)  is  connected  between  the  input  of  the  magnet 
and  the  input  cable,  the  longitudinal  impedance  spectrum 
does  not  contain  the  resonances  which  are  otherwise  pro¬ 
duced  by  the  input  cable.  The  resistor  of  the  speed-up 
network,  which  is  connected  to  the  input  of  the  magnet, 
has  a  beneficial  damping  effect  on  some  of  the  resonances. 
However,  in  the  frequency  range  from  45  to  200  MHz,  the 
longitudinal  impedance  spectrum  does  not  depend  much 
on  the  termination  of  the  magnet  nor  on  other  components 
connected  to  it  due  to  the  onset  of  strong  attenuation  in  its 
LC  cells.  Air  gap  between  the  kicker  magnet  and  the  beam 
pipe  can  contribute  very  large  resonances  to  the  longitudi¬ 
nal  impedance  spectrum  of  the  kicker  magnet  system. 
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Figure  4:  Resonance*  due  to  gap. 
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Abitraet 

Wb  nfMrt  flw  iMdtt  of  meMureawitfs  unng  tbe  wire 
mediod  md  nuoieiicB  tiinulaioiis  uring  tire  cocte  HPS^ 
(Ifi^Rrequeocy  Structure  Simulator)  of  Ore  beam  coif>lmg 
impedarree  of  the  propoaed  liner  foe  the  (xdlkler  ling  of  the 
S^.  Wb  conqrere  the  results  of  dre  rneaniremema  and  Simula- 
dons  to  analytical  estimates  by  E  GluckstemEl]  sod  S. 
Kurenn(^C2].  and  conclude  that  the  additional  coiqding 
impedance  imroduced  a  liner  with  pun^^  hcdes  can  be 
acoqjtaUe. 


I,  INTRODUCTION 

Toavddrechictionofbeamlifetimeduetophotodesoip- 
tkmandtosbieldtheSSCcaflidBrtiiigbQretubefnxnsyn- 
dirotion  ladiatian.  it  is  proposed  to  include  a  bded  liner 
within  dK  bore  tube  addch  inteicrpts  dre  synchrotron  radia¬ 
tion  ^i^Ble  allowing  required  vacuum  to  be  achieved.  Disconti* 
mades  in  d»  iurer,  such  as  punq^  holes  m  slots  interrupt  the 
beam  image  currents,  resulting  in  beam  coupling  uqredance. 
hr  adrfidon,  electromagnetic  comrfing  through  the  hdes  in  the 
liner  allow  power  to  circulate  between  the  liner  and  bore  tube 
in  synchtondsm  with  the  beam.  This  TEM  wave  would  coiqde 
backimothebeamixpe,drerd7p06siUypresentiiiganunac- 
oqrtably  hi^  inpedanoe.  Ihe  coqding  impedance  of  pump¬ 
ing  hedes  and  slots  is  estimated  analyticaUy,  and  mimeiical 
and  measurement  results  are  present 

n.  ANALYTICAL  ESTIMATION 

Analytical  determination  of  the  coupling  inpedance  of 
smdl  apertures  in  metallic  walls  has  ben  studied  extensively, 
but  only  recently  has  dieir  collective  coipling  inpedanoe  in  a 
beam  bdre  liner  been  described  analytically.  Ihepumiang 
holes  or  slots  in  the  liner  excite  electric  and  magnetic  dipoles 
vrindi  scatter  eneigy  back  into  the  beam  pipe  and  coufde  smne 
enogy  through  the  perture  into  the  coaxial  region  fesmed 
betwm  the  liner  and  bme  tube.  Oluckstem  calculates  the 
impedance  due  to  holes  in  a  liner  including  the  effect  of  wall 
thickrress  and  the  outer  coaxial  region: 


*Operated  by  the  IMverrity  Resemch  Association,  Inc. 
fortheU.S.  Dpartment  of  Energy  under  contract 
No.  DE-AC33-89ER40486 
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where 


XcMt>  Vb,  andXm  tire  magnetic  susceptitnlity  and 

electric  polarizSbility  for  die  inside  and  outside  of  the  liner,  Zo 
is  377  ohms,  i^2iifyb.  Pis  the  number  ofhedes,  his  tire  liner 
radius,  o  is  die  bore  tube  radius,  6^  and  6b  are  the  skin  dpth 
fm  die  bore  tube  and  outer  surface  of  the  liner,  repectivdy.L 
is  dm  average  axial  hrde  pacing,  and  P  is  the  ring  radius.  Fctr 
small  punq^  boles,  die  contribution  to  die  coupling  imped¬ 
ance  due  to  power  circulating  outside  die  liner  is  shown  ^ 
Gtuckstem  to  be  negligible. 


m.  SIMULATION  AND  MEASUREMENT 


First,  the  triaxial  geraretiy  for  low-ltequency  longitudinal 
inpedance  was  simulated.  The  beam  tpe  had  a  radius  of  16.5 
mm  and  thickness  of  1  nun.  Wb  found  dret  the  omo  coax  con¬ 
tributed  insignificantly  to  the  coiqding  inpedance,  so  to  peed 
up  the  simulations  the  outer  coax  was  eliminated  Since  toles 
size  rpreserd  a  very  small  inpedance,  it  was  necessary  to 
d^ect  minute  phase  shifts  due  to  the  holes.  The  simulations 
were  converged  until  the  uncertainty  in  die  {diase  was  much 
smaller  than  the  phase  shift  (6-6o),  where  the  electrical 
length  of  the  reference  liner,  was  calculated  using  c  specified 
to  about  3  decimal  places.  However,  there  was  an  etrm  that 
could  not  be  extracted  by  further  adptive  passes  whmi  merely 
subtracting  die  lengdi  of  the  reference  linm:  This  i^iase  shift  is 
due  to  small  errors  in  the  mpf^  of  the  3-D  tetrahedrons  to 
the  2-D  port  surfaces.  Anodier  order  of  magnitude  in  idiase 
accuracy  was  obtained  modelmg  the  hdes  and  die  beam 
tube  as  sqiarate  elements,  meshing  and  running  die  {xotdem 
with  bodi  specified  as  vacuum,  then,  without  changing  the 
mesh,  re-specifying  the  holes  as  metal  and  re-running  over  the 
frequency  range.  This  was  used  as  die  “reference  pipe”  to  nm- 
malize  die  data,  and  removed  the  pmt  mapping  errors  as  well 
as  die  baseline  transmission. 
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Ittl*  1:  InyaduiM  of  >toioiis  Hoi*  ud  Slot 

OoOBMtria*  m  SXi  OHz  (baldmin,  thUmeuBliiim) 


lU)!*  2:  ’nrttuvvM  Inqiedaoeof  >toioui  Hole  and  Slot  GeonMCriea 
(b>16mm,  ihidawaaBlinin) 


Slot 

Ship* 

Longkudinel 
Impedanoe 
per  Slot  (O) 

Z/h  seeled 
tonuntm 
raquiiedto 
vacuum  (fi) 

Raotaagutar  (2a6iiiin) 

0.0023 

Rounded  (2x6iiuii) 

a0Q20 

Rounded  (3.2z31nini) 

0.0172 

OEcyii 

EUqaiGal  (2xtam) 

0.0012 

Squeie  Hole  (2x2iiun) 

0.0021 

QQQHI 

Hole  (dispO.Onun) 

0.0075 

Hole(diap2.0inm) 

0.0012 

QQQ^III 

Hole  (dia*1.5niin) 

0.00050 

Hole  (dievl.Qmin) 

0.00015 

QQQjllll 

Slot 

Shqw 

lYansveree 
Impedance 
par  Slot  (Q/in) 

TJginater  scaled 
to  number 
lequtiedfor 
vacuum  (Q/tai^ 

Rectangular  (2z6aun) 

0.21 

71 

Rounded  (2x6inm) 

0.14 

50 

Rounded  (3.2x31mm) 

0.88 

34 

Elliptical  (2x6mm) 

0.14 

58 

Square  Hole  (2x2jnm) 

0.17 

185 

Hole  (dia^.Omm) 

031 

186 

Hole  (dia*2.0mm) 

0.087 

135 

Hole  (diaf«l  .5mm) 

0.037 

111 

Hole  (dia^l  .0mm) 

0.011 

92 

A.  Longitudinal  Impedance 

Measurements  were  made  of  a  liner  2  meters  in  lengtih 
widi  1010  punq^  holes  or  160  rounded  slot  using  die  wire 
tedniqueP].  Mtially,  these  were  made  with  a  center  cooduc* 
tor  of  diameter  12.7  mm,  however,  simulation  of  the  measure¬ 
ment  using  HFSS  revealed  that  a  3.2  mm  diameter  center 
conductor  yielded  more  accurate  results.  For  this  reason,  the 
longitudinal  inqiedance  data  shown  in  Figure  1  was  made  widi 
the  3.2  mm  center  conductor.  In  addition,  measurements  coi- 
finned  that  the  presence  of  the  outer  triaxial  region  did  not  sig¬ 
nificantly  aSect  the  observed  inqiedance  data  so  later 
measurements  were  made  without  abore  tube. 

Mai^  variafions  of  liner  htdes  were  simulated.  These 
included  variation  in  the  number  of  hdes  axially  from  2  to  20, 
variation  of  die  number  of  holes  longitudinally  from  2  to  20, 
and  varying  the  dqpdi  of  die  holes.  These  simulatiais  ccn- 
fiimed  that  fmr  low  frequencies,  die  longitudinal  inqiedance  of 
the  holes  add,  and  the  impedance  is  reduced  by  the  wall  thick¬ 
ness,  as  theory  predicts.  Simulations  were  also  performed  with 
small  and  large  center  conductms  and  conqiared  to  measure¬ 
ment  results  for  the  same  parameters.  We  found  very  good 
agreement  between  HFSS’  simulatirxi  of  die  wire  technique 
and  wire  measurements.  Extensive  simulatirms  were  also  per- 
fcsmed  for  conqiarisoD  with  MAFIA  simulatiais  done  by 
C3ku  and  Barts[4]. 

To  reduce  the  low-fiequency  beam  inq)edance,  short  slots 
are  being  considered.  Simulatiais  were  run  to  study  the  influ¬ 
ence  of  the  sh^  of  die  slot  and  measurements  were  per¬ 
formed  using  the  wire  technique  on  3.2  x  31  mm  rounded 
slots.  The  results  of  longitudhud  impedance  measurements 
and  simulation  at  3.0  GHz  for  holes  and  slots  are  shown  in 
ThUe  1.  A  large  savings  in  low-fiequency  impedance  is 
achieved  by  using  slots;  die  high-frequency  bdiavior  should 
be  acoeptaUe  fat  shrxt  slots. 

B.  Transverse  Impedance 

The  transverse  impedance  was  measured  using  two  paral¬ 


lel  center  conductors  driven  180^  out  of  (diase  relative  to  each 
other  (odd  mode).  The  spacing  between  the  3.2  mm-diameter 
conductmsis  16  mm.  H(^  and  slots  are  distribmed  in  rings 
with  10  tides  or  slots  azimuthally  per  ring. 

Transverse  impedance  for  various  hole  and  slot  geometries 
was  also  simulated  and  compared  to  calculations  by  Kurennoy 
for  a  zero-thickness  liner.  Kurennoy  i»edicts  a  factor  of  2 
reduction  in  transverse  impedance  when  there  are  3  or  more 
hdes  in  one  radial  cross-section.  We  find  results  half  of 
Kurennoy’s  inedictions,  whidi  is  coisistent  when  the  reduc¬ 
tion  due  to  wall  thickness  is  taken  into  account.  Simulation 
results  are  shown  in  Table  2  while  measurement  results  are 
shown  in  Figure  2. 

IV.  UNER  LEAKAGE 

Measurements  of  leakage  wme  made  using  a  triaxial 
inqiedance  measurement  technique[3].  The  test  liner  is  2 
meters  long,  with  1010  holes  in  the  center  1  mder,  and  0.3 
meters  of  solid  pipe  on  both  ends.  The  outer  bore  tube  has  a 
radius  of  23  mm,  while  die  liner  has  an  inner  radius  of  16  mm 
and  is  1  mm  thick.  The  center  coiductor  diameter  was  12.7 
mm  fOT  die  leakage  measurements.  To  measure  leakage,  die 
center  conductor  is  placed  on  axis  within  the  liner  and  the 
transmissioi  dirough  the  punqiing  hdes.  S4J,  is  measured.  A 
transmissioi  measurement  is  also  made  throigh  die  coaxial 
regiois  formed  betweoi  the  liner  and  bore  tube  (S43),  and 
between  die  center  coiductor  and  liner  (S21),  to  correct  the 
effects  of  hardware  mismatches  and  multiple  reflections  in  the 
tiiax  on  the  S-paiametm.  S41  is  time-gat^  and  divided  by 
the  square  rod  of  gated  S43  and  S21.  Liners  widi  holes  of 
diameter  1  mm,  2  mm,  and  3  mm  were  measured.  Results  of 
leakage  measurements  and  simulatiai  are  shown  in  Figure  3. 

To  estimate  die  cditribuddi  to  the  coigiling  impedance  of 
the  TEM  wave  traveling  in  die  region  outside  die  liner  and 
'feeding  back’  on  to  the  beam,  a  two-stq>  calculdion  was  per- 
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agod  4  im  (fiaineta  hdes  and  160  rouiKled  slots. 

fcxmed.  A  tiiaxial  modd  rqnesoiting  20  holes  axially  and  22 
longitudinally,  was  driven  at  the  inner  coax  on  one  side.  Tlie 
oOier  side  has  enou^  blank  pipe  forming  the  outer  coax  such 
that  the  maximum  radial  electric  field,  due  to  forward- 
leaked  power  could  be  d^ermined.  Ihus.  the  ratio  Eq/I  was 
detennhied  idiere  I  it  die  current  on  the  center  conductor 
within  the  linet.  Then,  the  center  conductor  is  removed  from 
the  model,  die  outer  coax  is  driven,  and  the  ratio  of  E,,  die 
maxiinum  longitudinal  electric  fidd  on  axis,  to  the  radial  elec¬ 
tric  field  in  the  outer  coax  is  determined  This  ratio  is  dien 
muldidied  by  die  scding  ratio  to  yidd  the  coupling 

impedmce,  vdiere  /  is  the  length  (tf  the  liner  s^pment  with 
holes  in  it,  and  /^is  the  attenuation  length  in  the  outer  coax. 
Numericd  sirmilations  were  performed  for  holes  of  2mm, 
3mm,  and  4mm  diameto:  Tto  iixiuiry  confinned  diat  dns 
contribution  was  much  smallgthm  the  inductive  impedance 
for  teasonaUy-sized  holes  at  low  frequencies. 

V.  DISCUSSION  OF  RESULTS 

The  simulatiora  and  the  measurements  both  yidded  low- 
frequency  longitudind  inqiedances  vdiich  are  in  good  agree¬ 
ment  with  Ghickstem’s  dnckoess  corrected  estimate  for  die 
longitudind  in^edance  of  round  hdes.  Transverse  impedance 
for  round  holes  fit  Kurennoy’s  dieory  weU.  Sots  leduM  the 
impedance  but  must  be  kept  short  to  avoid  die  potentially 
lai^  cotqdiiig  inqiedanoe  caused  if  the  slots  themsdves 
become  resonant 

Wb  have  investigated  die  Ugh-finequency  coiqiling  inqied- 
ance  using  TMgt  exdtation[6].  Because  of  disagieanent 
between  HPSS  and  MAFIA  simulations  done  by  C3iou  and 
Barts,  we  fdan  to  measure  the  hi^frequency  inqiedancerT]. 

VI.  CONCLUSION 

Wb  have  performed  measurements  and  simulmion  of  the 
coufding  inqiedance  of  a  liner  in  die  coUirter  ring  of  the  SSC. 
Usi^  HFSS  we  were  able  to  stixly  variom  hole  and  slot  con¬ 
figurations.  Good  agreement  has  been  demonstrated  between 


FREOUCNCY  (HHz) 

Rgure  2.  Measured  Transverse  Reactance  of  1010  3  mm 
and  4  mm  diameter  tides  and  160  rounded  slots. 


I  a  I  4 


Frequency  (GHz) 

Figure  3.  Leakage  dnough  a  1  mm  duck  liner  widi  1010 
boles  of  various  diameters. 

HFSS,  laboratory  measurements,  and  themy.  Based  on  diese 
simulations  and  measurements,  die  coigiling  inqiedance  of  a 
liner  in  the  collider  ring  COR  be  accqxable. 
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Abanct 

Hlfher  Older  nodee  In  die  nooelenttinf  cnvltke  «e 
expected  to  drive  MOfiled  bmicb  instaMlidet  in  the  ALS, 
which  will  be  oveiooine  by  n  bunch-by-bonch  feedback 
system.  Compniatioas  of  the  cavity  higher  order  modes  nsing 
die  URMEL'T  sod  MAFIA  codes  me  presotted.  Dsmping  of 
the  higher  orier  modes  is  achieved  by  Alien  in  the  high  power 
feeder  wav^nUe  which  is  aperime  cooided  to  the  cavity. 
Measurements  of  the  inodes  in  so  ALS  500  MHz  cavity  me 
presmied  and  conyaied  with  the  coo^Kited  values  for  an 
iaolaied.  un-damped  cavity.  The  lesomoes  c£  the  Lambertsoo 
Beam  Electrodynamics  LriMiaiary  the  Center  for  Beam 
Physics  at  LBL  were  used  to  peribim  these  studies. 

L  INTRODUCTION 

Hie  design  carent  of  the  ALS  storage  ring  is  400  mA  in 
mnldbuncfa  mode,  leading  to  coiqried  bunch  instabilities  with 
growth  tales  fester  fem  die  inffia^  danqiing  rate  for  typical 
RF  cavity  higher  Older  mode  (H(^  impedSDoes  [1]. 

Suppression  of  couided  bunch  insudiiiities  will  be 
adiieved  by  a  bondi-by^Kinch  feedbmA  system,  described 
elsewhere  [2].  Ihe  required  gain  cd  the  feedbadc  system  is 
deteimined  by  the  strongest  driving  impedance,  and  for 
nominal  qpenition  it  has  been  assumed  that  die  kmgitodinal 
can  be  dmqied  such  diat  the  total  shut  hnpedance  Rs 
atfieqoencyoipis: 

R,^^120kfi 

where  0^  is  the  ftequency  of  the  RF  system  (500  MHz).  In 
the  transverse  case  a  maximum  transverse  impedance  of 
4  MQ  m*l  is  assumed. 

Calcularions  using  die  URMEL-T  eiectroinagnetic  design 
code  suggest  Ihtt  without  damping  a  single  ALS  cavity  would 
have  higher  order  modes  of  up  to  1.9  MQ  shunt  impetbnoe  (at 
800MHz)and30MQm*l  transvene  inqiedaooe. 

In  order  to  better  quantity  the  inqiedance  ot  the  cavities, 
memuiements  were  m^  of  a  qaue  cavity,  idudcal  to  the 
cavities  in  the  storage  ring,  with  wav^uide  coiqiier  and  Ugber 
order  mode  ffiiers  induded  in  the  measurements. 

Ifi^ier  order  modes  were  idutiAed  ming  a  perimbatiu 
mediod,  and  (Rvalues  measured.  Inqiedance  was  determined 
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from  nudii^ying  the  measured  Q  by  the  R/Q  dreunined  by 
URMEL-T  computatkins. 

n.  HOM  DAMPING  IN  ITIE  FEEDER 
WAVEGUIDE 

Hie  ALS  ladioAeqnency  acceleiaihig  system  uses  two  500 
MHz  cavities  with  reemrut  nosecone  geometry,  aperture 
coupled  to  the  feeder  wav^uide.  A  detailed  descity^  i>  given 
elsewhere  [3].  A  single  klystron  feeds  the  cavities,  via  a 
magic-tee  junedoo,  and  in  die  die  waveguide  sections  betweu 
magic-lee  and  each  cavity  are  H-piane  and  E-fdane  low-pass 
Alters.  These  Alters  consist  of  ri^-ugle  tee^nnciioas  vrith 
one  ann  of  the  tee  a  bifurcated  waveguide  aectkm.  A  metal 
(date  akmg  the  center  of  the  broad  wan  prevents  propagaikin  of 
the  500  MHz  wave,  but  allows  higher  fiequenqr  waveguide 
modes  to  passu  cither  side.  At  the  ends  of  these  biftBcated  lee 
secdons  are  idaced  loads  made  of  abaortdng  nutteriai  cast  into  a 
aecthm  of  Mfincaied  waveguide.  A  ihnflar  arrangement  exists 
bddnd  the  bifrucated  matching  stub.  Hie  system  is  designed  to 
absoib  higher  Older  mode  power  coupled  out  of  the  cavity  into 
the  waveguide,  providing  danqiing  of  those  IK^s  that  coiqile 
to  the  Alters. 

m.  NUMERICAL  C(»ifPUTATIONS 

Smee  there  is  no  sinqde  method  of  modeDing  the  cavity 
with  feeder  wavegnide  and  loads  hidoded,  die  hn^todinal  and 
transverse  (diptde)  modes  were  oonqmied  using  the  URMEL-T 
code  [4]  for  the  basic  cavity  geometiy.  This  two-dimensioiMd 
model  computes  inodes  in  m  istdaied  cavity  with  cylindrical 
symmetiy,  with  no  feeder  wav^uide  or  coupUng  aperture.  The 
results  are  shown  in  triile  1  for  katgRutUnal  modes  and  in 
table  2  for  transverse  (dipole)  modes,  up  to  the  cut-off 
frequencies  of  the  beam  tubes  (2.5  GHz  for  c^ioie  modes,  33 
GHz  for  kingitodinid  (monopole)  modes). 

Hie  required  damping  factor  indiemes  the  reductkin  in 
impedance  necessary  to  ensure  that  higher  order  modes  in  the 
cavities  do  not  drive  coupled  bunch  instalnUiies  beyond  die 
capabilities  of  the  feedbadc  system  to  damp  die  motkm.  This 
nudtes  the  conservative  assunqitmo  that  die  two  cavities  in  the 
storage  ring  have  exactly  the  same  higher  order  mode  spectium 
and  thus  HC^s  cofaicide  in  frequency. 

MAFIA  computations  of  a  three-dimcnsioiud  cavity  model 
inclodh^  coupling  qiertwe  were  useful  in  identitying  H(^s. 
In  particular  the  three-dimensional  modelling  allows 
detenninathm  of  the  oriemadon  of  the  two  poiarizatioos  of  the 
d^xde  modes,  and  also  gave  some  infficatkio  oi  whidi  modes 
would  couple  most  effieedvdy  into  the  wav^nide. 
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IMel 

Loi«liiriinil  Hflw  Onkr  Modes  COovoied  by 


TaMe2 

D^wk  Higher  Okder  Modes  Compoted  by  URMEL-T 


Hequency 

(MUO 

tUQ 

(P) 

Q 

R 

(MQ) 

Requited 

damping 

baa 

797.61 

50.95 

37526 

1.912 

50.8 

1.189 

38997 

0.046 

1.6 

1295.1 

15.53 

36473 

0366 

24.5 

1343.1 

9.724 

81292 

0.791 

35.4 

1SS9.6 

7.679 

37260 

0286 

14.9 

178S.8 

4351 

55690 

0253 

15.1 

0.418 

103768 

0.043 

2.7 

1871.9 

3215 

47754 

0.154 

4.191 

39387 

0.165 

2246.9 

0248 

76392 

0.019 

2324.9 

3.497 

87683 

0.307 

2423.S 

0.786 

99820 

0.078 

2427.3 

3.507 

41225 

0.145 

11.7 

2611.7 

0.094 

52421 

0.005 

2743.9 

0.090 

89671 

0.006 

2781.8 

1.602 

54646 

0.088 

8.1 

2808.1 

4.689 

80873 

0.379 

35.5 

2968.0 

0.054 

107891 

0.006 

2979.2 

0.047 

44478 

0.002 

3149.2 

0.747 

83910 

0.063 

6.6 

3183.6 

1235 

61187 

0.076 

8.0 

3243.0 

0.020 

74974 

0.001 

3252.4 

0.539 

56151 

0.030 

3.3 

3256.0 

7.693 

27527 

0212 

23.0 

3257.6 

8.055 

27948 

0225 

24.5 

IV.MEASURl 


NTS  OF  THE  TEST  C  AVrry 


A  spue  cavity  identical  to  the  sioiage  ring  cavities  was 
used  for  the  measurements  of  the  higher  order  modes.  A 
coqding  waveguide  together  with  cylindrical  ceramic  window 
was  nuNiMBd  onto  the  cavity,  and  the  higher  order  mode  filters, 
created  by  bifurcated  waveguide  sections,  were  attached  to 
either  end  of  the  cotqtUng  waveguide.  The  layout  used  in  the 
measurement  is  a  reasonably  accurate  simulation  of  the  real 
configuration,  although  neglecting  the  effects  of  waveguide 
bends,  lee-junctioiis,  magic<{ee  and  the  dtculalor. 

Modes  were  excited  in  the  cavity  by  using  electric  probes 
inserted  into  the  beam  f^KS,  one  on  either  side  of  the  carity. 
The  probes  were  held  neu  to  the  beam  pipe  wall  on  an  acrylic 
support  structure  which  allowed  nyrid  adjustment  of  the 
posidoo  of  the  probes.  By  atQusting  the  azimuthal  position  of 
these  probes  while  monitoring  the  S21  signal  the  longitudinal 
and  transverse  cavity  modes  were  excited.  The  fiequendes  at 
whicfa  to  look  for  particnlu  modes  were  found  in  the  URMEL- 
T  and  MAFIA  computations.  The  Q-valne  of  each  mode  was 
measured  from  the  width  of  die  S21  resonuice  curve,  u  the 
half  power  points. 

In  order  to  identify  the  modes  a  perturbation  method  was 
used.  A  hidlow  cylindrical  needle  was  threaded  onto  a  nylon 


FBBqueuty 

(MH^ 

R/Q*l/(kr2) 

(QAn) 

Q 

R 

(MO/in) 

Requaed 

damphtg 

70535 

4.91 

51229 

0.25 

815.57 

307.0 

17.78 

11183 

528.9 

53646 

28.37 

1182.4 

5.06 

52833 

027 

12433 

2.51 

103047 

0.26 

13883 

70.76 

66585 

4.71 

1513.9 

220.5 

44481 

9.81 

4.9 

1592.0 

47.09 

102317 

4.82 

16452 

16.91 

59163 

1.00 

1781.6 

2.15 

116675 

0.25 

1788.1 

5502 

52854 

29.08 

14.6 

18503 

2.61 

89109 

0.23 

1943.3 

5.38 

38636 

0.21 

2044.1 

47.60 

108366 

5.16 

2.6 

2138.0 

2.26 

112062 

0.25 

2138.7 

1.82 

115129 

0.21 

2196.0 

166.1 

78218 

12.99 

6.6 

2202.3 

58.36 

37136 

2.17 

1.1 

23382 

13.45 

81679 

1.10 

2375.8 

6.78 

121562 

0.82 

24482 

44.81 

38486 

1.72 

2504.3 

23.58 

113974 

2.69 

1.4 

2537.1 

19.67 

37545 

0.74 

25393 

5.77 

23015 

0.13 

line  strung  inside  the  cavity  between  adjustable  supports 
mounted  on  the  beampqie  flanges.  The  needle  was  drawn 
through  the  cavity  at  various  displacements  with  respect  to  the 
cavity  axis  (on-axis,  horizontally  and  vertically  off-axis),  with 
die  kmg  dimension  oi  die  nee^  parallel  to  the  cavity  axis. 
Using  a  needle  of  aspect  ratio  (length  to  diameter)  2^1  the 
longitudinal  electric  field  was  perturbed.  Qualitative 
observadons  of  the  perturbation  patterns  allowed  idendfication 
with  die  corresponding  computed  mode.  A  longitudinal  mode 
would  exhibit  no  significant  difference  in  perturbations  when 
the  needle  was  on  axis  or  any  position  off  axis.  A  dqxde  mode 
would  show  maximum  perdirbadon  off  axis  at  one  azimuth, 
with  negligible  perturbation  dther  on  axis  or  axis  diqilaced 
90“. 

Since  the  asymmetry  of  the  real  cavity  ^lits  the 
degeneracy  of  the  ^ptde  modes,  we  have  two  modes  for  each 
dipole  mo^  predicted  by  URMEL-T.  These  modes  are  fnmd  at 
sligbdy  different  fiequendes  and  with  different  azimuthal 
orientations  of  the  fields.  For  most  dipole  modes  measured  die 
field  distributions  were  such  that  the  mode  would  couple 
prindpally  to  eithcs^  horizontal  or  vertical  motion  of  the  betni, 
hence  the  modes  were  designated  as  H  or  V. 

Although  the  lUQ  for  the  MOM'S  in  the  teal  cavity  may 
vary  fiom  the  idealistic  case  of  cytindtical  symmetry,  the  error 
involved  in  assuming  that  RA}  is  unchanged  with  tte  addition 
of  the  apernne  ooo|ded  wav^ide  is  generally  small  [S]. 
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at  the  BoayBal  openthif 


ThblB4 

MBMBredDi|»ie  Higher  Qkder  Modes 


RF  ftwineacy.  For  those  asodes  drtvtaif  the  stroagest  coqiled 
beach  antioa  the  fteqoeacy  over  a  raage  of  5  oea  tnaer 
aKweaiMBt  was  leoieded  ai  40  "C.  nd  the  fteqaeacy  variadoa 
wMitaapeBaBie  was  also  aieasaied  over  ±3*C. 

V.  RESULTS 

Measateaieot  lesalts  «e  givea  ia  t^le  3  for  the 
loaghadiaal  andes,  sad  table  4  fSor  d^nle  asodes.  Abaost  all 
of  the  predicted  asodes  were  foead,  ud  a  coaipariaoo  with 
tables  1  sad  2  shows  diat  the  daespiag  via  die  feeder  wav^akk 
is  veqr  effeedve  fbr  asost  asodes. 

The  Q  values  of  asodes  above  2.8  GHz  were  difflcult  to 
aseasnre  due  to  the  preseace  of  fields  at  the  cads  (tf  the  beam 
pipes,  sad  coaservadve  esthaates  of  the  Q  values  are  givea. 

Teble3 

Measured  ToaghadhuJ  Higher  Oder  Modes 


Requeacy 

(MHz) 

Q 

i) 

kHz/^ 

kHz/Imm 

Reqifeed 

Annina 

1  III  If  ■  10 

factor 

808.44 

21000 

-20 

37 

28 

1007.96 

840 

1.76 

70 

1280.10 

3000 

33.0 

-45 

276 

1.4 

130934 

810 

5.51 

35 

155335 

3400 

2632 

•28 

•118 

1.4 

1807.68 

2900 

1334 

-33 

1846.72 

2200 

0.88 

-15 

2122.61 

1800 

7.56 

10 

-155 

2266.6 

2200 

0.55 

2349.8 

5100 

17.8 

-31 

-35 

1.4 

2416.3 

7000 

5.53 

-27 

-78 

2484.94 

2400 

8.40 

19 

2625.9 

1500 

0.14 

2769.1 

1500 

0.14 

2817.4 

^1000 

1.60 

2847.82 

^4000 

18.8 

-32 

■6 

1.8 

2968 

<1500 

0.08 

2979 

<1500 

0.08 

3149 

<1500 

1.125 

3183 

<1500 

1.86 

3243 

<1500 

0.03 

3252 

<1500 

0.81 

3256 

<1500 

1134 

1.2 

3257 

<1500 

12.1 

1.3 

The  longitudioal  aiode  at  806  MHz  (TMq]})  does  not 
couple  strongly  into  the  feeder  waveguide  a^  nuy  drive 
cou^ed  bunch  jnsthbilities  beyond  the  damping  amiabilities  of 
the  feedback  system.  Six  other  longitudinal  modes  have 
impedances  marginally  greater  than  the  feedback  design  criteria. 
Tim  transvene  modes  remain  with  impedance  gteaim  than 
2MQm*l. 


Q 

R 

(kO/m) 

Wire 

kHzfemi 

• 

•* 

(MHz) 

810.06 

46000* 

14800 

-12 

•23 

TF 

TT 

1121.77 

7000 

3700 

-21 

34 

V 

1.8 

1122.72 

17000 

9000 

-18 

-3 

H 

4.5 

118330 

800 

4 

V 

1189  J5 

1800 

92 

•18 

-3 

H 

136933 

3700 

260 

-17 

-13 

V 

151830 

300 

67 

V 

1529.00 

1800 

200 

-22 

H 

1597.36 

8400 

400 

-16 

•38 

H 

1648.00 

600 

10 

H 

1726.90 

900 

2 

H 

1739.00 

500 

1 

V 

1796.64 

1200 

660 

-23 

H 

1801.61 

2000 

1100 

-17 

-52 

V 

1966.11 

4000 

22 

-31 

H 

2136.97 

16000 

36 

-31 

H 

2141.08 

-20 

2151.34 

2500 

70 

■ 

2156.70 

2178.98 

1700 

-32 

-110 

ui 

233536 

65 

■4S 

EjjH 

12 

3 

■ 

*aiientation 


**  requaed  damping  fisetor 

Variations  of  cavity  tenqierature  and  tuner  positico  may 
overemse  coiqried  bunch  instrinlities  drivea  by  these  modes, 
however  it  nuy  be  difficult  to  solve  the  problem  for  all  modes 
simnltaneously.  The  suddlity  of  couided  bimeh  motioo  in  the 
ALS  is  discus^  ebewbere  P]. 

Damping  of  the  strongest  HOM’s  using  probes  in  the 
cavity  pumping  port  will  be  investigated  as  a  sohitkm  to  this 
problem. 


VI.  ACKNOWLEDG] 


37, 1  a 


NTS 


Thanks  to  B.  Ta^  udM>  conceived  of  the  wav^uide  filter 
daiqiing  scheau,  and  to  J.  Julian  for  assistance  in  nuking  the 
measuremeats. 


Vn.  REFERENCES 

[1]  *1-2  GeV  Synchrotron  Radiation  Source  Conceptual 
Design  Report",  LBL  PUB-S172.  July  1986. 

{2]  "Coupled-bunch  Stability  at  the  ALS*.  J.M.  Byrd  and  J. 
N.  Corlett,  this  conference. 

P]  "The  ALS  Storage  Ring  RF  System",  B.  Taylor,  C.  Lo, 
K.  Bqitiste,  J.  Guigli,  and  J.  Jidian,  this  conference. 

[4]  U.  Laustroer,  U.  van  Rimen,  T.  Weiland,  "URMEL  and 
URMEL-T  Userguide,"  DES  Y  M-87-03,  Ffeb  1987. 

[5]  "Higher  Order  Modes  in  the  SRS  500  MHz  Accelerating 
Cavities”,  J.  N.  Corlett,  Proc.  1989  Puticle  Acceletamr 
Conference,  Chicago,  March  20'23. 1989. 


3410 


Impedance  Measurements  of  Components  for  the  ALS* 
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Ataraer 

m  Ufh  antwt  and  abort  buKb  kagtk  of  the  ALS 
beanaaaaiaeibeBBaciiineaBaceptibletDbeanBiHaialiiHrtcaover 
•  fte^cKy  naige  extending  to  13  GHz  and  beyond.  All 
coMponentt  of  the  atornge  ring  have  been  caeeftiBydeaiffed  to 

■ahihmlnt  impurfanna  thi>.  nif  tatBinbliea 

have  been  laid  out  to  avoid  lesonant  endosnres  between 
components.  Novel  bellows  shields  allowhig  consideiable 
merhanical  movement  while  maintaining  a  low  impedance  aie 
described.  Resnils  are  presented  of  hnpedancemeasnrements  of 
ALS  components  and  .issemblies  of  components,  using  a 
precision  coaxial  wire  technique  in  frequency  domain, 
extendiag  to  frequencies  beyond  cut-off.  All  measurements 
were  peifboned  at  the  !,  amibriunn  Beam  Electiodynamtes 
Laboratoty  of  the  Center  for  Beam  Physics  at  LK.. 


the  cuncnts  carried  by  the  wire  are  assoaaed  to  be  equivalent  to 
those  of  a  relativistic  beam.  Tapers  from  SO  Q  cables 
transform  into  dm  higher  impedance  of  the  test  setup  to 
minfantae  nrilections  of  the  TEM  waves  over  the  fiequoicy 
mi^  of  fanereat. 

IhdikB  the  TEM  waves,  traveOing  wavegidde  modes  can 
reflect  off  the  tapers,  and  in  Older  to  nttaumize  diese  reflections 
abaoipdve  materid  (Emerson  A  Cuming  Eccosorb  AN73)  is 
fdaced  on  the  walls  of  the  transition  uqrers.  Although 
attenuding  the  TEM  signal  as  wdl  as  the  newurted  TM 
waveguide  modes,  this  om  be  arcommndated  by  the  r^mamic 
nmge  of  modem  network  analyzets. 

A  normaliziag  measurement  through  a  smooth  reference 
pipe  allows  the  calcularinn  ct  beam  impedance  Zb  from  the 
chamcaerratic  rnqmhmce  of  the  device  Z|  and  the  measured  S21: 


L  INTRODUCTION 


The  ALS  storage  ting  consists  of  twelve  straight  sectioos 
contafari^  transfaions  from  curved  section  to  strai^t  aecdoo 
aperture,  bdlows,  vacuum  valves,  itt|ectian  equ4imaa,  RF 
cavities,  feedback  equj^nnent  and  transitions  huo  die  insertioo 
device  apertures.  The  design  cnnent  is  400  mA  in  2S0  bunches 
(there  is  a  gap  ttf  78  RF  buckets  for  ion  clearing)  in 
mnltiboncb  mode,  and  7  mA  per  bunch  in  ungle  bunch  or 
few-bunch  mode  Mth  a  natural  bunch  length  of  12  pa  (s^ms) 
the  significant  frequency  content  of  the  bunches  aitends  to 
approximately  13  GHz,  and  such  high  currents  over  a  broad 
frequency  spectrum  lend  to  concerns  about  multi-bunch  and 
single  bunch  instabilities,  and  herding  of  vacuum  vessel 
conqioneots  by  the  beam. 

In  Older  to  minimize  the  impedance  of  vacuum  vessel 
components  in  the  ALS,  the  designs  of  all  transitioo  sectioos 
and  devices  in  die  vacuum  vessel  have  been  careftdly  developed 
to  minimize  the  beam  impedance.  Inqiedanoe  measurements 
components  have  bear  made  during  the  engineeriag  design 
process,  using  the  coaxial  wire  method. 


n.  IMPEDANCE  MEASURl 
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ST  METHOD 


Uring  the  coaxial  wire  method  a  thin  wire  is  placed  along 
the  bean  path  through  the  devke  under  test,  Simpoited  by 
styrt^oam  guides  [1].  Helds  a  the  surrounding  wall  induced  by 


*Tbu  woik  wu  lopported  by  the  Director,  Office  of  Energy 
Research,  Office  of  Bask  Energy  Sciences,  Materials  Sciences 
Division  at  the  U.S.  Dqiaitm«it  of  Energy  nnder  Contract  No.  DE- 
AC03-76SF00098. 


\  S21.  Object  / 

m.  FLEXIBLE  RF  BELLOWS  SHIELDS 

A  Description 

Bellows  sections  are  located  a  either  end  of  the  straight 
sections,  to  allow  for  movement  due  to  thermal  expansioo 
(hiring  nomud  operations  and  during  bakeout  of  the  vacuum 
vessds.  To  minimize  the  beam  impedance  the  cross  section  of 
the  adjacent  beam  tube  is  extended  across  the  bellows  by  an 
RF  shield  as  shown  in  figure  1.  This  consists  of  flexiUe 
strips,  tha  can  be  seen,  and  qxing  fingers  between  the  flanges 
a  one  end.  The  strips  are  (rf  beryllium  copper  foil  0.003  inch 
thick  with  kmgitudhial  slits  to  allow  bowing  witboot  damage. 
This  bowing  accommodates  the  S  - 10  nun  conquessioo  trf  the 
bellows  (hving  bakeout  During  normal  operations  the  bowed 
sh^  most  be  avoided  because  it  would  siqiport  resonant 
mo^  excited  by  the  beam.  This  is  aebiev^  by  a  quing 
anangemait  wbid  maintains  the  strq»  in  tension  up  to  a 
temperstnre  tit  29*C.  The  nonmd  opoating  toiqiaatiHe  of  the 
chamber  is  24”C  ±  1*13,  with  an  expected  movement  of 
approximately  0.1  mm.  This  small  movement  is  absorbed  by 
tte  spring  fingers. 

The  beryllium  copper  fml  sectitm  does  not  have  strips  a 
the  horizontal  extremes  to  avmd  interference  with  the  beUows 
during  contraction.  This  does  not  detmiorate  the  impedance 
properties  since  there  is  little  image  current  in  this  region. 
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1.  Rmptical  aectkm  bdiows  sUdd. 


IV.  FLEXIBLE  SECTIONS 
FOR  TRANSVERSE  DISPLACEMENT 


If  the  chambo'  cools  to  n*i2  the  spring  fingers  will  lose 
contact  and  the  impedance  wUl  inciease  due  to  the  gap  created, 
however  this  is  significantly  below  die  nominal  operating 
temperature  and  is  not  likely  to  occur. 

A  Measuremetos 

Impedance  measurements  of  the  RF  shield  have  been  made 
in  frequency  domain  up  to  26  GHz,  using  the  coaxial  wire 
method.  A  number  of  small  resonances  have  been  observed, 
and  a  typical  impedance  measurement  result  is  shown  in  figure 
2,  all  are  below  S  fi  shunt  impedance  and  of  low  Q  values. 
The  corresponding  27n  values  are  less  than  1  mQ.  Cut-off 
occurs  at  9  GHz  few  the  TM  modes.  Above  aqiproximately  IS 
GHz  the  uncertainty  in  the  measurement  becomes  igiprediddy 
worse,  with  reproducibility  of  the  order  of  ±  10  X2. 


Figure  2.  Inqiedance  measurement  of  bellows  shield. 


FrtaNHz 


Summing  the  loss  parameters  for  the  measured  resonances 
below  13  GHz  we  have 


The  strength  of  these  resonant  modes  increased  ttqiidly 
with  compression  of  the  shield,  leading  to  a  criterion  of  1  mm 
maximum  deviation  from  flat  (i.e.  bowing)  during  (qieration 
with  beam. 


A.  DeKriptkm 

The  injecdoii  straight  is  moveable  in  the  traiuverse 
(Uiectkm  to  allow  optimizatkm  of  the  injection  process  by 
moving  the  the  injection  sqHum  relative  to  the  closed  orbit 
This  movement  is  permitied  by  bellows  sectkms  at  the  ends  of 
the  strai^tht  In  this  case  the  bellows  shield  must  also  be  free 
lo  move  transversely,  with  one  flange  allowed  to  be  dinilsced 
frith  leqiect  to  the  other. 

Hgure  3.  Flexible  cage  and  beDows  shield  assemMy. 
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To  accommodate  this  motion  a  cage  of  wives  was  built 
whidi  matwtaiiMi  the  laceMdc  cross-sectkn  of  the  injectioa 
straight  and  has  sufficient  flexibility  to  accommothtte  a 
nansveise  di^rfacemcnt  of  ±  10  mm  of  one  flange  wifli  respect 
to  the  other.  Figure  3  shows  the  cage,  in  an  assembly 
including  the  foil  and  firing  finger  sectkms  which  allow  for 
longitudinal  motion  and  are  similar  to  those  described  above. 
As  the  cage  is  diq>laced,  the  longitudinal  movement  is 
•rtvniimnttoiM  in  a  douUe  set  of  spring  fingers  designed  to 
acconunoitate  the  additimial  longitudinal  motion  required  in 
this  section. 

B.  Measurements 

Measurements  of  the  cage  section  with  di^;ilaced  ends  were 
complicated  by  length  changes  in  the  qiparalus,  but  showed 
the  generation  of  resonant  modes  as  one  e^  was  diqtlaced.  As 
the  cage  is  diqtlaced  a  pair  oi  modes  are  observed  aroimd  2.4 
GHz,  with  impedance  <  20  fl  at  4.7S  mm  offset, 
corresponding  to  Z/ta  <  123  mfl.  The  total  loss  parameter  for 
these  modes  is  0.003  V  pC*^. 

V.  TRANSITIONS.  VACUUM  VALVES  AND 
SUB-ASSEMBLY  OF  COMPONENTS 

Transitions  between  vacuum  vessels  of  different  cross- 
section  occur  predominantly  at  the  ends  of  the  straight 
sectimis.  since  the  curved  vessels  and  the  majm’  part  of  the 
straight  sections  are  made  from  single  pieces  of  aluminum  and 
have  uniform  beam  ^jcrtures.  Measurements  of  the  curved 
sector  tank  impedance  are  described  in  [2].  From  the  curred 
vessel  to  the  straight  section  the  beam  aperture  transforms 
from  a  diamond  shsqie  to  an  ellipse,  over  a  distance  of 
api^oximately  50  nun.  With  the  future  installation  of 
insertion  devices  some  further  transitions  will  be  introduced  to 
accommodate  a  more  reduced  vertical  aperture. 

Vacuum  valves  with  RF  shields  have  been  used  at  both 
mids  of  aU  straight  sections.  These  valves  have  metal  foil 
inserts  which  bridge  the  gap  between  the  valve  flanges  to 
(Hovide  a  smooth,  continuous  path  for  beam  induced  wail 
currents  when  the  valve  is  (^len.  Visual  inspections  indicated 
considerable  variatkms  in  quality  from  valve  to  valve,  with  the 
RF  shield  being  bowed,  aad/or  a  step  of  up  to  a  millimeter 
between  the  shield  and  the  body  of  the  valve  in  stxne  cases. 
Measuranents  were  perfmned  on  a  typical  valve,  indicating 
few  resonances,  however  all  valves  were  visually  inspected  and 
the  worst  cases  were  corrected  by  adjusting  the  foil  to  reduce 
bowing  and  diqtlacements  of  the  RF  shield. 

An  assembly  consisting  of  a  transition  fnxn  a  diamond 
shape  to  an  ellipse,  an  eUiptical  bellows  shield,  a  dummy 
vacuum  valve,  and  a  second  elliptical  bellows  shield  was 
measured.  In  addition  to  the  effects  of  the  bellows  shields  a 
broad  resonance  centered  at  13  GHz  was  observed,  shunt 
inqtedance  IS  G  and  Q  value  approximately  8.  For  this  mode 
the  loss  parameter  k  is  0.03  V  pC'V 


VI.  INJECTION  BUMP  MAGNETS 

Ceramic  vacuum  vessels  are  used  in  the  injection  bump 
magnets  to  allow  penetration  of  the  pulsed  magnetic  field.  The 
inside  surface  of  the  tubes  is  coi^  with  a  thin  layer  of 
ritMiinm  to  allow  passage  of  the  bemn  image  current.  The 
metalloalion  is  arranged  m  strips  to  minimbe  perturbations  of 
the  pulsed  magnetic  field  while  reducing  the  beam  impedance. 
The  iiiq)edance  of  this  device  is  expected  to  peak  at  low 
frequents,  due  to  resonant  effects  in  the  arrangement  of 
mebdlized  str^.  A  low  fiequmcy  impedance  measurement 
was  tnadft  using  a  coaxial  wire  resistively  matched  to  SO  Q  at 
the  ends. 

Measurements  show  bread  resonances  at  50  MHz  and  190 
MHz  as  predicted  [3],  with  impedance  <  20  (I 

vn.RFCAvrnES 

Measurements  of  the  RF  cavity  modes  have  been  made 
iLoing  a  qtare  cavity,  with  higher  onto  mode  danqnng  filters  in 
the  feeder  wavegu^,  as  desoibed  elsewhere  [4].  Ibe  strongest 
higher  order  longitudinal  mode  has  a  measured  shunt 
impedance  (A  1.05  MG,  with  other  modes  less  than  33  kG. 
The  sum  a[  loss  parameters  for  the  longihidinal  modes  below 
cutoff  frequency  of  the  beam  pipe  (3.3  GHz)  is  0.40  V  pCV 
By  equattog  tUs  loss  parameter  to  that  of  a  single  (^1 
resonator  centered  at  the  beam  pipe  cut-<^  frequency  gives  a 
shunt  impedance  of  40  G,  and  a  ctmesponding  estimate  of 
TJn-\%  mG  per  cavity. 
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Abiuact 

ABCl  (AiiauMhal  Beam  Cavity  Interaction)  U  a 
ooa^Mier  progna  wUch  stdvea  ibe  Maxwell  equations 
tai  die  time  doanain  wben  a  Gaussian  bem  goes 
tbroiigbaaxi>Qfam6tricalstnictiffeoooroffaxi$.  Many 
new  features  haw  been  implemented  in  the  new  vexsiop  of 
ABCI  (presently  verdon  6.6).  including  the  *inoving 
mesh"  and  Napoiy*s  method  of  calculatitw  of  wake 
potentials.  The  mesh  is  now  genenned  only  for  the  port 
of  the  stractnre  intide  a  window,  and  moves  together  with 
the  window  frame.  This  movh^  mesh  optkm  reduces  the 
mnitber  of  mesh  pdnts  consideiably,  and  very  fine  meshes 
can  he  used.  Navy's  faitegration  mtihod  makes  it  possible 
to  cmiaute  wake  potentials  in  a  structnre  such  as  a 
collimator,  where  parts  (rf  the  cavity  material  are  at  smaller 
radii  than  that  of  the  beam  pipes,  in  such  a  way  that  the 
contrflNition  from  the  bemn  pipes  vanishes.  For  the 
monopole  wake  potential.  ABCI  can  be  q^Ued  even  to 
stroctmes  with  unequal  beam  pqie  radii.  Furthetmote.  die 
radial  mesh  size  can  be  varied  over  the  structure,  permitting 
to  use  a  fine  mesh  only  where  actually  needed.  )Mth  these 
inqwovements,  the  program  alkiws  conqiatation  of  wake 
fields  for  structures  far  too  complicated  for  crider  codes. 
Plots  of  a  cavity  aluqie  and  wake  potentials  can  be  obtained 
in  the  ftitm  of  a  Top  Drawer  file.  The  program  can  also 
calcolate  and  plot  the  impedance  of  a  structure  and/or  the 
distrifaotkm  trf  the  deposited  mergy  as  a  function  of  the 
fretpimicy  from  Fourier  tiansfonns  of  wtice  potentials.  Its 
usefulness  is  illustrated  by  showing  stune  numerical 
exanqiies. 

L  INTRODUCTION 

The  first  version  (verskn  2.0)  trf  ABCI  [1]  was  written 
in  1984,  however,  its  manual  was  puUished  only  in  1988. 
It  used  die  FIT  mediod  [2]  to  discretize  the  Maxwell 
equatknw,  similar  to  1BCI  [3].  However,  in  addition  to 
some  imernal  differences,  it  was  prefetaUe  to  TBCI  mainly 
due  to  cspaMli^y  to  change  dimensions  of  arrays  to  make  a 
larger  m^  if  necessary  and  the  possiWlity  of  different 
mesh  sizes  in  r- and  z-dfrecdons.  Furthering  (me  could 
iiqim  die  mesh  sizes  rather  than  the  niunber  of  mesh  lines, 
arid  could  use  CONTINUE  cards  to  calcolate  with 
different  bunch  lengths  and/or  mode  numbers  (maO  or  1)  in 
a  single  job.  hi  this  program,  the  beam  was  assumed  to  be 
hollow,  widi  surfime  charges  uunuthally  distributed  either 
in  im  imiform  or  sinusoidal  vray.  In  the  first  version  of 
AB(3.  the  radius  of  the  hollow  beam  was  always  chosen  to 
be  equal  to  that  of  a  beam  pipe  so  that  no  fields  were 


brought  with  it  into  the  strocture  of  concern.  The  wake 
fields  were  imsgmiBd  at  the  radns  of  the  beam  p^  which 
left  the  integration  across  the  cavity  gap  as  the  only 
cootributioo  to  the  wake  potmitials  and  thus  made  long 
beam  pipes  mmeoessary.  The  program  was  conqiact.  and 
simply  structured  so  that  users  could  easily  ch^e 
important  parameters  such  as  an  mvy  size  for  the  number 
ot  mesh  points,  and  modify  the  program  for  tbtir  qiedal 
needs.  Since  the  main  body  of  the  {Mogram  was  small, 
rdadvelyla^anays  could  tetilocated  to  mesh  points  in 
a  limited  memory  qmce.  Furthermore,  permitting  unequal 
mesh  sizes  in  die  axial  and  raditi  directloitt  befyed  to 
reduce  the  number  of  mesh  points. 

However,  if  one  tried  to  ^iply  the  program  to  long 
structures  and/or  very  short  bunch^  die  total  number  of 
mesh  points  easily  becomes  the  order  of  many  hundred 
thousands  or  more.  For  examjde,  the  recently  proposed 
“stagger-tuned”  struchoe  for  the  NLC  of  SLAC  [4]  comists 
of  a  disc-loaded  waveguide  widi  a  large  numto  of  cdls 
with  slighdy  (fifferent  dimenskms  of  the  otdm  of  pm  or 
less.  In  ordn  to  correctly  represent  such  tiny  differences, 
many  million  mesh  poinis  wciuld  be  needed. 

Not  all  of  these  mesh  prams  are  simultaneously 
necessary  at  each  time  step  for  the  calculation  of  fields.  If 
we  are  only  interested  in  the  wake  potentials  not  too  for 
btiiind  the  beam,  the  fields  need  to  be  calculated  only  in 
the  area  called,  “window”.  The  window  is  defined  by  the 
area  of  the  structure  which  starts  at  the  head  of  the  bunch 
and  ends  at  the  last  longitudinal  cocudinate  in  the  bunch 
frame  (which  is  tdten  the  tail  of  the  bunch)  q)  to  which  we 
want  to  know  the  wake  potentials.  The  fields  in  front  (^ 
the  bunch  are  always  zero.  The  fields  behind  the  window 
can  never  catch  up  with  the  window,  which  is  moving 
forward  with  the  ^eed  ot  light,  and  thus  do  not  affect  the 
fields  intide  the  window.  Since  the  calculation  Is  confined 
U)  the  area  inside  the  window,  the  “mesh”  is  needed  only 
for  this  frame  and  moves  together  with  it  One  of  main 
new  features  of  ABCI  is  the  implementation  of  this 
“moving  mesh”  in  lieu  of  the  conventional  static  mesh. 
Since  the  window  is  usually  much  smaller  than  the  total 
structure,  the  number  of  niesh  points  can  be  drastically 
reduced.  In  addition,  since  the  window  length  is 
determined  only  by  the  last  longitudinal  oxirdinate  of  the 
wake  potentials,  the  number  of  mesh  points  does  not 
change  as  the  structure  length  increases. 

Another  main  new  feature  of  ABCI  is  the 
implementation  of  “Nqxdy's  integration  method”  of  fields 
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IQ  adentaiB  wike  poteittials  [S,6].  The  coovcntk»al 
owdMtf  tt  the  ladiut  of  the  beam  i^pe  breaks 
doan  when  a  put  of  the  atractme  oouMS  dowo  below  it.  or 
whan  the  ladfi  of  the  two  beam  p^ies  at  both  ends  are 
rneqaaL  The  alleniative  was  to  imegiate  over  a 
stnifht  Une  at  an  aDowaUe  radius  and  with  beam  pipes 
long  enoogh  to  allow  the  fields  to  catch  iqi  with  the  bema 
flu  behind  fte  structaie.  Nqxdy’s  integration  method  is  a 
aohNion  to  this  daitical  ptoUem  (the  integntioa  along  the 
hractnre  smlhoe  was  abeatfy  described  by  Gluckstera  and 
Neri  [7]  hi  198S).  It  lelks  on  die  oquessioa  of  the  wake 
potentials,  at  any  multiple  order,  as  an  integral  of 
electromapietic  fields  along  any  one  dimmisioiial  contuie 
quuming  the  structure  lon^twUnally.  For  the  pardcular 
case  of  the  contures  parallel  to  the  r-  and  z-axes.  the 
int^iation  Is  considenldy  simjriified  [6].  For  this  reason, 
ABCI  has  an  option  which  uses  a  p^  of  integration 
(*Th|xdy>Zotter  couture’*)  that  starts  as  usual  along  the 
bemn  pqie,  then  descends  radially  to  pass  underneath  the 
smallest  materiid  structure  radius.  It  then  rises  again  to  the 
rathus  ot  the  oulgoii^  beam  pipe  and  moves  along  it  to  the 
end  of  the  sttucture  (Napoly's  method  and  a  proper 
integration  couture  are  actually  automatically  chosen  as 
soon  as  a  material  point  has  a  ndiiK  smaller  than  the  beam 
1^).  This  pmh  is  riiown  in  Fig.  1  by  the  broken  curve. 


Bg.  1.  N^)oly*Zotter  integration  conuire  feu  computation 
of  wake  potentials. 

The  first  axial  coordinitte  where  the  path  descends,  the 
radius  to  which  it  goes,  and  the  second  axial  coordinate 
where  it  rises  again  can  also  be  chosen  as  input  commands, 
ha  particular  for  structures  with  a  complicated  boundary 
extending  to  the  inside  of  the  beam  pipes,  this  technique 
leads  to  a  considerable  saving  in  ccxnputing  time.  Fot  the 
monopttie  Oongitudinal)  wake  potential  case,  this  method 
permits  a  sttucture  with  unequ^  beam  radii  at  both  ends. 
For  the  d^xde  (transverse  mid  longitudinal)  wake  potential 
case,  the  beam  pipe  radit  must  be  equal. 

bi  addition  to  these  two  new  main  features  mentioned 
above,  ABCI  has  a  completely  new  mesh  generator,  which 
permits  circular  and  elUptic^  inputs  just  as  TBCI.  The 
program  allows  varittble  radial  mesh  sizes  for  difierent 
radial  intervals  for  the  better  fitting  of  mesh  and  reducing 
the  total  numbre  of  mesh  points  by  permitting  to  use  a  fine 
mesh  only  where  actually  needed.  In  addition  to  the 
convmitional  method  of  iiqiutting  the  shiqie  of  the  structure 
tqr  giving  the  ahstrinie  coordinates  of  points,  users  can  now 


iqmt  the  structure  ty  ^ving  the  incretneats  of  coordinmes 
from  the  fuevkHis  positions  (incremental  input).  In  this 
method,  ooe  can  use  repetition  commands  to  rqieat  input 
blodcs  which  raves  tune  mid  hdior  when  the  saara  stnicture 
rqieats  many  times.  Any  bimeb  sluqie  supplied  Iqr  an  user 
can  be  used  (drfaulMjaussian).  The  new  ABO  also  has 
better  plotting  fluniities.  It  can  show  on  a  sqiarate  p^ 
each  input  and  actual  sluqie  of  a  cavity  used  for 
calculation,  electric  fkld  lines  (or  total  current  lines)  m 
subsequent  time  stqis  for  the  monopole  case,  the  write 
potentials,  and  finally  the  impedance  of  a  stnicture  from 
Fourier  transforms  of  wake  potentials.  ABCI  creates  a 
‘Tt^  Drawer”  file  [8]  for  the  coie^ponding  figmes.  By 
this  method,  ABO’s  gnqibicri  output  becomes  independent 
of  computers  and  graphic  devices.  One  can  easily 
import/export  the  graphical  output  to  other  cranputers, 
and/or  edit  it  if  desired. 

II.  APPLICATIONS 

In  this  section,  we  show  two  typical  examples  of 
structures  which  demonstrate  the  usefulness  of  the  new 
version  of  ABCT. 

A.  CoUimcaor 

A  Saclay  collimator  shown  in  Fig.  2  is  a  sinqile 
constriction  of  a  beam  pipe,  vriiich  can  be  computed  ea^y 
with  the  new  verrion  of  ABCI  using  bbqxtiy's  method.  The 
beam  pqies  at  both  sides  have  5  cm  len^.  The  integration 
conture  used  is  shown  by  the  broken  curve.  Tbermsbunch 
length  is  chosmi  to  be  O.Smm.  The  longitudinal  loss  factor 
was  then  found  to  be  >1.755  x  10^^  V/C.  For  comparison, 
longitudinal  loss  factors  were  also  computed  by  the 
integration  along  a  straight  line  at  the  irmer  radius  of  the 
cxillimator  and  subtracting  the  contribution  of  the  beam 
pipe  from  it  (similar  to  the  ”WAKCX)R”  option  in  TBCT). 
Tte  results  are  shown  by  the  solid  curve  in  Bg.  3  as  a 
function  of  the  beam  pipe  length  L  at  both  sides.  The 
dotted  line  denotes  the  loss  factor  obtained  by  Niqxily's 
method.  They  agree  when  a  quite  kmg  beam  pipe  2  30cm 
compared  to  the  beam  pipe  radius  of  1  on  is  used  for  the 
WAKCOR  method.  However,  Nqwly's  method  provides 
results  much  easier  and  faster. 
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Hg.  3.  CooqnrisoD  ctf  the  loogitiKhiial  loss  factor 

obtained  hy  Napoly's  method  (dotted  line)  with 
that  obtained  by  the  **WAKC(^'’  method  (soli  i 
line)  as  a  function  ttf  beam  pipe  length  L  at  both 
sides. 

B.  cue  stagger-tuned  diA-loaded  waveguide 

A  “stagger-tuned”  structure  of  the  CLIC  (C£RN 
Linear  Ctdlidm)  [9}  is  a  disc-loaded  waveguide  composed 
of  many  cells  with  slightly  different  dimensions  in  such  a 
way  that  the  mode  frequencies  of  each  oeU  are  distributed 
around  the  average  values.  Then,  wake  fields  from  each 
cell  are  expected  to  omoel  each  odier  so  that  the  tot^  wake 
fields  win  daiiq>  away  rather  quiddy.  Rgure  4  shows  an 
exaoqde  of  the  CLIC  stagger-tuned  structure  with  20  cdls. 
The  computed  (normalized)  transver^  wake  potential  is 
{dotted  in  I^g.  S  up  to  1cm  behind  the  head  of  the  bunch 
(the  bunch  length  in  this  case  is  only  0.17  mm).  A  clear 
damiring  the  transverse  wake  potential  can  be  seen. 

If  TB(T  is  toed  instead  in  this  example,  it  would  have 
required  about  4.6  million  mesh  points  of  unifonn  mesh 
size  for  required  mesh  sizes  of  10  fun  and  fm'  almost 
7.2cm  long  structure  of  over  6.^nm  radius.  That  would 
probatdy  not  fit  any  Gwnputer.  With  the  moving,  variable 
and  unequal  meshes,  ABCT  requires  only  84  thousands 
mesh  pt^ns,  by  factor -60  less  t^TBQ  does. 


Hg.  4.  Stager-tuned  disk-loaded  waveguide  of  CLIC. 


Hg.5.  Normalized  transverse  wake  potential  for  CLK: 
stagger-umed  structure  up  to  1cm  behind  the  head 
of  bunch.  The  rms  bunch  length  is  0.17mm. 

m.  CONCLUSIONS 

The  implementation  of  the  moving  mesh  and  Na|xdy's 
method  fw  computing  wake  potentials,  togethtf  with  the 
opdoo  of  variable  tadiad  mesh  sizes,  permits  a  large  saving 
in  memory  and  computing  time,  and  thus  drastically 
enhances  the  computational  pomex  of  ABCI.  It  is  now 
|)ossibIe  to  com|>ote  wake  {lotentials  in  much  more 
complicated  structiues  than  before.  The  numerical 
examples  shown  in  this  paper  demonstrate  the  usefulness 
md  the  remarkable  advances  in  the  new  version  of  ABCL 

The  author  would  like  to  thank  B.  Zotter  and  O. 
Napoly  for  helpful  discussions  and  Center  for  Beam 
Physics  at  LBL  for  general  sujtport  and  encouragemenL 
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Ahatnct 

Coupling  impedances  of  a  single  small  hole  in  vacuum- 
chamber  walls  have  been  calculated  at  low  frequencies.  To 
generalise  these  results  for  higher  frequencies  and/or  larger 
holes  one  needs  to  solve  coupled  integral  equations  for  the 
effective  currents.  These  equations  are  solved  for  two  spe¬ 
cific  hole  shapes.  The  effects  of  many  holes  at  high  f^ 
quencies  where  the  impedances  are  not  additive  are  studied 
using  a  perturbation-theory  method.  The  periodic  versus 
random  distributions  of  the  pumping  holes  in  the  Super¬ 
conducting  Super  Collider  liner  are  compared. 

I.  INTRODUCTION 

Pumping  holes  and  slots  are  very  typical  and  numer¬ 
ous  discontinuities  of  the  vacuum  chamber  in  accelerators. 
The  contributions  of  a  small  hole  to  the  beam-chamber 
coupling  impedances  at  low  frequencies  (below  the  cham¬ 
ber  cut-off)  have  been  calculated  analytically  [1,  2],  and 
the  results  coincide  well  with  subsequent  simulations  and 
measurements,  e.g.  [3].  The  approach  is  based  on  the  Bethe 
theory  of  diffraction  by  small  holes  [4],  which  can  be  ap¬ 
plied  when  the  wavelength  is  large  compared  to  a  typical 
hole  size,  and  the  hole  size  is  small  compared  to  that  of 
the  beam-pipe  cross  section.  Due  to  the  impedance  addi¬ 
tivity  below  cut-off,  this  theory  gives  reasonable  estimates 
for  many  holes  at  low  frequencies. 

In  the  present  paper  we  attempt  to  generalize  this  ap¬ 
proach  for  a  single  hole  with  dimensions  comparable  to 
or  larger  than  those  of  the  chamber  cross  section.  This 
leads  to  integral  equations  that  are  solved  for  two  particu¬ 
lar  cases. 

At  frequencies  above  cut-off  the  problem  is  more  com¬ 
plicated  since  there  is  no  additivity  of  contributions  to 
the  coupling  impedance  from  different  discontinuities.  To 
study  the  impedance  of  many  holes  above  cut-off  we  use  a 
model  based  on  the  perturbation  method.  This  model  al¬ 
lows  us  to  compare  the  impedance  for  periodic  and  random 
distributions  of  pumping  holes  in  the  Collider  liner. 

II.  INTEGRAL  EQUATIONS 

To  calculate  the  coupling  impedance  we  have  to  find  the 
fields  induced  in  the  chamber  by  a  given  current  perturba¬ 
tion,  e.g.,  by  a  relativistic  point  charge.  Taking  as  a  zeroth 

*Op«r«ted  by  the  Universities  Researdi  Association,  Inc.,  for 
the  U.S.  Department  of  Energy  under  Contract  No.  D&AC35- 
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approximation  the  fields  in  the  chamber  without  hole,  one 
can  consider  them  as  incident  electromagnetic  waves  on 
the  hole.  According  to  the  Bethe  theory  [4],  the  fields 
diffracted  by  the  hole  can  be  obtained  as  those  radiated 
by  effective  surface  "magnetic”  currents,  which  have  to  be 
introduced  to  satisfy  the  boundary  conditions  on  the  hole. 
Then  integrating  the  fields  along  the  beam  path  one  can 
obtain  coupling  impedances.  As  a  result,  the  longitudinal 
impedance  of  an  arbitrary  hole  in  the  chamber  with  the 
circular  cross  section  of  radius  h  can  be  written  as 

where  k  ~  u/c  and  is  the  Fourier-harmonic  of  the  az¬ 
imuthal  component  of  the  effective  “magnetic”  current  in¬ 
duced  by  charge  q  in  the  hole.  The  impedance  for  an  ar¬ 
bitrary  chamber  cross-section  can  be  obtzuned  using  an 
expansion  over  eigenfunctions,  e.g.,  [5],  and  for  the  longi¬ 
tudinal  case  it  also  includes  only  the  effective-current  com¬ 
ponent,  which  is  transverse  to  the  chamber  axis.  The  effec¬ 
tive  surface  current  J  and  charge  p  should  satisfy  integral 
equations 

i£7,(f)  =  ^  f[  dS'  (JyVuG  -  J„V,G)  , 

*  4Z-  JJuolt 

=  ^  If  dS'  (cpV„G  -  ikJ„G)  ,  (2) 

*  47r  JJkole 

and  the  continuity  condition  divJ  =  iup,  where  Zo  = 
120x0,  G{R)  =  exp(ifcR)/fl,  R  =  \r-  f'l;  r,f'  e  5,  J  = 
/(f '),  and  (u,  v)  are  the  local  coordinates  on  the  hole,  with 
being  parallel  and  Cu  transverse  to  the  chamber  axis  z. 
According  to  [4],  Er  and  here  are  Fourier-harmonics  of 
the  beam  fiel^  on  the  wall  in  the  chamber  without  hole, 
which  are  equal  to  Er  =  ZqH^  =  Zoqexp{ikz)/{2irb)  in 
the  round  pipe. 

In  the  case  of  a  small  hole  (h  <Si  b)  at  low  frequencies 
(u>  <C  c/b)  one  can  consider  the  beam  fields  to  be  the  same 
everywhere  on  the  hole  and  reduce  the  problem  to  an  elec¬ 
trostatic  one  [4].  Then  the  impedance  can  be  obtained 
analytically  in  terms  of  hole  polarizabilities  [1,  2,  5].  In 
the  case  of  a  long  slot  (length  /  ;>  6)  or  when  the  trans¬ 
verse  hole  size  is  larger  than  the  pipe  radius,  it  does  not 
work. 

However,  one  can  solve  the  general  problem  for  two  spe¬ 
cial  cases.  The  first  one  is  mostly  of  academic  interest, 
namely,  the  infinitely  long  narrow  slot,  width  w  <  6,  in 
a  perfectly  conducting  pipe.  The  only  dependence  on  z 
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for  sttdi  a  slot  is  J,p  a  exp(tibr).  Substituting  Jt  =  cp, 
s  0,  one  can  reduce  Eqs.  (2)  at  frequencies  u<e/hto 
a  Mngle  equation  for  Jg ,  which  has  a  solution 


Jm(u,z) 


Zpq  _ikM  « 
t6‘' 


where  |u|  <  w/2.  Since  =  0,  the  impedance  of  such  a 
slot  vani^es,  cf.  Eq.  (1).  This  answer  follows  as  a  limiting 
case  from  results  for  an  elongated  elliptic  hole  [1],  and  was 
also  obtained  in  [6].  From  the  physical  point  of  view,  the 
charge  drags  the  static  field  pattern  along  the  chamber 
without  producing  any  distortions.  The  field  distortions 
could  only  be  produced  by  the  slot  ends.  It  means  that 
the  low-frequency  impedance  of  a  long  (/  >  6)  narrow  slot 
is  independent  of  slot  length. 

The  second  case  is  a  narrow  transverse  gap  of  length 
g  <.b  separating  two  pieces  of  the  infinite  beam  pipe.  Due 
to  the  axial  symmetry  there  is  no  current  dependence  on  ip 
when  the  beam  goes  along  the  axis.  In  the  case  of  kg  <  1, 
Eqs.  (2)  after  integrating  over  (p  are  reduced  to 


dz'e'^^'K(z  -  z')J^iz')  , 


(3) 


where  A’(26x)  =  (1  +  [l/2,3/2,l,(l  +  x*)-*]. 

Eq.  (3)  has  a  solution 


j  ^  4Zoq _ z 

-  zk^g^Hl6b/g)  V'(y/2)2-ua  ’ 


which  gives  the  low-frequency  impedance  of  the  gap 


Z{w)  =  i 


ZqC 

2h;61n(166/y)  ’ 


(4) 


i.e.,  the  capacitance  C  =  2co61n(166/y).  This  result  is  nat¬ 
ural  since  the  gap  cuts  the  image  low-frequency  currents 
in  the  wall  and  works  as  a  capacitance.  In  a  real  accelera¬ 
tor  chamber  there  are  usually  some  electrical  connections 
of  chamber  pieces  separated  by  gaps,  e.g.,  cavity  walls  or 
through  the  ground.  Low-frequency  currents  flow  through 
these  connections,  which  have  lower  reactance  in  this  fre¬ 
quency  range  than  the  gap. 

A  similar  answer  for  C  can  be  obtained  from  the  plane 
electrostatic  problem:  find  a  capacitance  per  unit  length 
of  a  gap  g  separating  two  half-planes.  The  problem  can 
be  easily  solved  by  conformal  mapping,  and  the  result  is 
2£o  ln(4A/y)/T.  It  includes  the  log-dependence  on  a  cut-oiF 
parameter,  A  y.  Comparing  to  our  cylindrical  problem 
it  seems  natural  to  put  A  cz  2b,  while  the  length  is  2x6.  It 
gives  us  impedance  (4)  up  to  a  factor  of  the  order  of  2. 

To  compare  with  numerical  results  we  computed  wakes 
in  the  chamber  6  =  2  cm  with  a  narrow  gap  g  surrounded 
by  a  cavity  with  length  /  and  depth  h,  by  means  of  the 
code  ABCI  [7].  The  cavity  inductance  is  L  =  po/h/(2x6), 
and  such  a  cavity-gap  system  will  have  resonances  at 
Wr  =  Ify/LC,  i.e.,  with  wavelength  Ar  =  2^/Aln(166/y). 
Figure  1  shows  a  good  agreement  of  this  formula  with 
ABCI  results. 
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Figure  1.  The  resonance  wavelength  versus  gap  width. 


III.  PERIODIC  OR  RANDOM  STRUCTURE 

The  design  of  the  liner  inside  the  Superconducting  Super 
Collider  (SSC)  Collider  beam  tube,  which  has  to  screen 
the  cold  chamber  walls  from  the  synchrotron  radiation, 
wticipates  a  lot  of  small  pumping  holes.  With  the  hole 
radius  r  =  1  mm  and  6  =  1.5  cm  the  number  of  holes 
should  be  nearly  1500  per  meter,  and  their  total  number 
in  the  ring  is  about  10^.  There  will  be  Af  =  15  holes  in 
one  cross  section,  and  such  rows  will  be  spaced  by  dis¬ 
tance  D  =  1  cm.  The  low-frequency  impedances  pro¬ 
duced  by  these  holes  can  be  calculated  as  in  Refe.  [1,  2]: 
Z/n  a  -i0.15  D  and  Zj.  Oi  — tl8  MO/m  for  this  specific 
case  with  the  liner  wall  thickness  1  mm.  To  study  effects 
of  periodicity  of  liner  holes  at  frequencies  above  cut-off  we 
introduce  a  model  that  works  for  wavelengths  large  com¬ 
pared  to  the  hole  size,  i.e.,  below  /  ~  c/{2h)  cz  150  GHz. 
Namely,  we  replace  a  row  of  M  holes  in  one  chamber  cross 
section,  which  has  a  discrete  axial  symmetry,  by  an  ax- 
isymmetric  small  enlargement  with  the  triangular  (in  the 
longitudinal  direction)  cross  section  of  depth  h  =  r/2  and 
base  g  =  2r.  We  will  assume  that  the  impedance  of  M 
holes  in  a  row  is  that  of  such  a  discontinuity  multiplied  by 
azimuthal  factor  4>  =  Mr /{zb),  cf.  Ref.  [1].  The  model  has 
small  parameter  e  =  5/(26),  which  is  1/60  in  our  case.  So, 
one  can  apply  the  perturbation  method  for  periodic  struc¬ 
tures  of  small  discontinuities  that  was  developed  in  [8],  and 
its  generalization  to  broken  periodicity  [9].  It  msdces  use 
of  an  expansion  over  e  in  boundary  conditions  and  gives 
the  impedance  at  low  frequencies  and  at  resonances  in  an 
analytical  form.  The  low-frequency  impedance  due  to  en¬ 
largements  is 


00 

Zjn  =  -iZ^^GI2  YgPClh {pG)/h{pG)  +  0(e^)  ,  (5) 

psl 


where  D  is  the  structure  period,  G  =  2zb/D,  Im{z)  are 
modified  Bessel  functions,  mid  Cp  are  Fourier  coefficients 
of  the  boundary  shape, 

Cp  =  {-\Y2glD[sin{zpg/2D)/(zpg/2D)f  (6) 
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fw  triangular  perturb^iona.  The  reaonant  fluencies 
ff,r  of  the  r-th  radial  mode,  bandwidtha  (2A/)p,p,  and 
imiMdancea  Zp,r  are 

f,,r  =  c/iM)(pG  +  jl/pG)  , 

(2Af),,r  =  /r.r«/,.,/(26)[l  +  (ior/pG)’]  ,  (7) 

Zp.,/n  =  Zoe>C»26/«/,.,[l  +  OWpO’]’’  . 

whoe  jor  are  roots  of  the  Bessel  function  Joi*)  and  Sf  is 
the  skin-depth  at  frequency  /.  Fri>m  Eq.  (5)  (Z/n)  •  ^  = 
— 10.17  n,  which  is  close  to  the  exact  answer  for  holes  at 
low  frequencies  and  justifies  the  choice  of  the  model  param¬ 
eters.  An  important  point  is  that  Eqs.  (5)  and  (7)  work 
for  an  arbitrary  distribution  of  perturbations  on  the  ring; 
one  has  only  to  replace  period  D  by  the  ring  circumference 
2iriZ  and  take  proper  Cp.  In  this  case  N  =  ^nRJD  iden¬ 
tical  perturbations  are  distributed  along  the  ring.  To  take 
into  account  various  insertions  that  violate  the  periodicity, 
e.g.,  interaction  regions  and  warm  pipe  sections  without 
holes,  we  consider  the  number  of  perturbations  K  <  N. 
In  general,  new  coefficients  Cp^^  are  related  to  those  Cp 
for  a  oingle  perturbation  on  the  ring.  Let  us  assume  that 
perturbations  are  randomly  displaced  from  their  positions 
in  exactly  periodic  (period  D  =  2irR/N)  structure  and 
the  deviations  have  the  Gauss  distribution  with  dispersion 
(SD)^.  Then  the  averaged  over  distribution  coefficients  are 

=  ,  (8) 

Fi^\6)  =  /C(l  -  Cp)  +  CpF^^^  -  <p(l  - 

where  Cp  are  given  by  Eq.  (6)  with  D  2‘kR,  Cp  = 
exp[— (2irptf/iV)*]  and  Fp^^  =  [sia{irpK/N)/  8in{irp/N)]^. 
In  the  case  of  the  exactly  periodic  structure,  j  =  0,  we 
have  Cp  =  1  and  F^^\o)  =  Fp<^^  €  [0,7?*],  with  max¬ 
ima  for  p  =  Nl,  /  =  0, 1, 2, ...  If  /f  =  TV  in  addition, 
F^^^  =  NHp^fft,  i.e.,  all  resonances  p  ^  Nl  vanish,  and 
the  case  of  the  structure  with  short  period  D  =  2-kR/N 
is  recovered.  Figure  2  shows  the  hole  impedance  for  this 
case.  The  wall  conductivity  of  copper  at  room  temperature 
<r  =  6  ■  10^  (Q  m)~*  was  taken  just  for  reference.  Reso¬ 
nance  values  should  be  scaled  «  «  y/RRR.  Certainly, 

it  gives  the  worst  and,  fortunately,  unrealistic  case,  since 
for  the  real  design  the  exact  periodicity  is  broken. 

Let  us  consider  a  more  re^istic  model:  blocks  of  length 
L  =  15  m  containing  the  periodic  hole  structure  (magnets 
with  a  regularly  perforated  liner  inside)  are  separated  by 
sh(»t  insertions  without  holes  (rf  joints).  Using  the  method 
of  Ref.  [9],  one  can  calculate  the  damping  of  resonances 
in  Figure  2  due  to  periodicity  violation;  it  is  by  a  factor 
0.03-0.05.  So,  the  maximal  resonance  values  of  ^Z/n  are 
8-12  n,  according  to  the  block  model. 

One  can  go  further  and  destroy  periodicity  inside  blocks 
by  placing  holes  not  exactly  in  one  transverse  row,  chang¬ 
ing  steps  between  rows,  etc.  The  impedance  estimate  for 
this  case  (“random”  hole  distribution)  can  be  obtained 


I.QHz 


Figure  2.  Resonances  of  the  exactly  periodic  structure 

from  Eq.  (8)  with  Cp  -♦  0.  Then  Fp^\6)  — »  K]  that  means 
the  incoherent  sum  of  contribution  from  different  pertur¬ 
bations,  and  due  to  overl2q>ping  of  small  resonances  we  get 
RjtZjn  a  0.2  Cl,  i.e.,  iq>proximately  the  constant  value 
in  the  frequency  range  above  cut-off  (7-50  GHs).  In  this 
case  we  have  something  like  a  broad-band  impedance  with 
Q  =  1,  since  4>ReZ/n{f>feut)  ^  <^\ImZ/n\{f<feut)  ^ 
0.2  Cl. 

IV.  CONCLUSIONS 

The  integral-equation  approach  allows  one  to  calculate 
the  impedance  for  two  examples  when  the  hole  is  not  small. 
Unfortunately,  these  cases  are  of  mostly  academic  interest. 

The  impedance  of  many  small  holes  in  the  SSC  Collider 
liner  is  studied  at  frequencies  above  cut-off  using  a  model. 
It  is  shown  that  random  hole  distributions  give  lower 
impedance  than  periodic  ones  in  this  frequency  range.  It 
is  reasonable  to  introduce  some  periodicity  violation  in  the 
hole  pattern. 
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A  cttamic  chamber  iaude  kicker  magnets  can  provide 
the  rdevant  fMd  risetime.  On  the  other  hand,  some  metal¬ 
lic  coating  inside  has  to  prevent  static  charge  buildup  and 
shield  the  beam  from  ceramic  and  forrite  at  high  frequen¬ 
cies  to  avoid  posrible  rescmances.  The  issues  concerning  the 
metallised  ceramic  chamber,  such  as  coupling  impedances 
and  requirements  on  the  coating,  are  studied  to  find  a  com¬ 
promise  sdution  for  kickns  of  the  Medium  Enngy  Booetn 
at  the  Superconducting  Super  Collider. 

1.  INTRODUCTION 

There  are  two  reasons  for  using  caamic  chambers  in 
kickers:  (1)  to  avoid  shielding  of  a  fast-chan^ng  external 
magnetic  fidd  by  metallic  chamber  walls;  and  (2)  to  reduce 
heating  due  to  eddycurrents.  On  the  other  hand,  such  a 
chamber  can  produce  large  coupling  impedances,  since  it 
works  as  a  slow-wave  structure,  and  can  lead  to  accumula¬ 
tion  of  static  charges  on  the  ceramic  surface.  The  natural 
w^  to  avoid  these  unwanted  effects  is  to  put  a  thin  metal¬ 
lic  coating  on  the  inner  surface  of  the  ceramic  chamber. 
However,  shortcomings  of  such  a  coating  are  obvious.  It 
will  again  shield  fast-changing  external  magnetic  fields  and 
heat  the  chamber  walls  due  to  eddycurrents,  cf.  the  reasons 
for  the  ceramic  chamber.  To  find  a  compromise  solution  we 
have  to  estimate  quantitatively  both  the  effects  of  shielding 
and  impedances. 

II.  RISETIMES  AND  HEATING 

The  length  of  the  front  of  the  magnetic  field  pulse,  7%, 
should  be  about  50  ns  for  the  Medium  Energy  Booster 
(MEB)  ii\)ection  kicker  and  2  /is  for  abort  and  extraction 
kickns.  Even  if  we  have  a  step-like  external  magnetic  field, 
the  risetime  of  the  magnetic  field  inside  a  vacuum  chamber 
with  a  metallic  layer  on  the  wall  would  be  finite  because 
of  (1)  shielding  due  to  eddy-currents  and  (2)  skin-depth 
effect. 

A.  Skieliing  hy  Eddy  Currtnis 

Continuous  costing.  For  a  round  metallic  tube  of  radius 
b  and  wall  thidcness  d  the  risetime  r,  due  to  shielding  of 

*Op«nt«d  fagr  tlw  UaivenitiM  Resesrdt  Atsocistk»,  Inc.,  ibr 
the  U.S.  Department  of  Energy  under  Contract  No.  DE-AC3S- 
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a  Step-like  external  magnetic  field  by  eddy  currmts  in  the 
waU  is  [1,  2,  3] 

T,  =s  ^obvdf2  .  (1) 

The  cross  section  of  the  vacuum  chamba  in  MEB  and  Low 
Entfgy  Booster  (LEB)  kickers  is  m<ae  similar  to  a  rectan¬ 
gle  10  x  5  cm  with  rounded  an^ee.  One  can  easily  calculate 
risetime  r,  for  such  a  geometry  as  r,  ~  L/R,  where  L  and 
A  are  characteristic  inductance  and  reristance.  For  metal- 
wall  thickness  d  in  a  chamber  with  l«igth  /  and  rectangular 
cross  section  w  x  h  (d  <  ts,  vertical  magnetic  field)  we  get 
L  =  Aftol/w;  A  =  Adl{irv)i),  and  hence 

r,  2i  L/R  ~  litiVtad/v  .  (2) 

This  estimate  is  approodmatriy  the  same  as  that  of  Eq.  (1) 
if  ts  =  26  is  assumed. 

Applying  Eq.  (2)  with  w  =  10  cm,  we  try  to  satisfy 
condition  r,  <  ktu,  where  k  =0.1-0.2  is  a  numerical  factor. 
For  K  =  0.2  this  gives  99%  of  Amos  inside  the  chamber  after 
Tk  for  a  step-like  external  magnetic  field.  This  leads  to  the 
following  restriction 

<rd< - -  , 

/low 

which  pves  for  the  uyectiim  kicker  with  k  s  0.2 

<Td<  0.25  0“*;  or  Ao>40; 

and  for  the  extraction/abort  ones  with  k  =  0.1 

o’d<5n"*;  or  Ad  >0.2  0. 

Here  Ao  =  l/(u’d)  is  the  surface  resistivity  per  square. 
Then  the  allowed  thickness  of  the  coating  by  stainless  steel 
or  titanium  (a  ~  1.43  ■  10*  (0)~*  )  is  d  <  0.17  /im  for  the 
iqjection  kicker  and  d  <  3.4  /im  for  extraction/abort  ones. 
For  more  accurate  calculations  that  take  into  account  the 
riiape  of  the  pulse  of  the  external  magnetic  field  see  [4]. 

Coating  by  stripes.  The  shielding  effect  due  to  eddy 
currents  can  be  reduced  essentially  if  the  coating  by  lon¬ 
gitudinal  stripes  is  applied  instead  of  the  continuous  one, 
e.g.  [5].  For  a  rectangular  cross  section  if  we  have  N  stripes 
with  width  wi  =  w/N  and  thickness  d,  d  dsi  (we  neglect 
here  the  width  of  small  gaps  between  stripes)  on  horizontal 
chamber  walls,  the  reristance  with  respect  to  eddy  currents 
is  N  times  higher  than  for  continuous  coating,  and  as  a  re¬ 
sult,  r,  -*■  r,  /N  ,  and  the  allowed  value  of  thickness 

d^Nd. 

The  coating  of  side  walls  does  not  affect  the  shielding. 
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B.  Skin-Depth  Effect 

It  ii  unknown  that  the  skin-depth  in  a  metal  is  equal 
to  j  =  s/^Hjteout).  If  the  metal-wall  thickness  is  d  and 
frequmcy  u,4  is  ddined  by  the  equation  =  d,  all 

frequencies  higher  than  will  be  screened  by  the  wall. 
It  ^ves  us  the  risetime  due  to  skin-depth  effect 

Tfi  =  .  (3) 

To  satisfy  condition  r.  <  kti,  ,  it  is  necessary  to  restrict 

<rd*  <  2KTi,/ftQ  . 


where  /  is  the  gap  length.  If  y  is  very  small,  this  capacitance 
is  big,  and  eddy  currents  at  high  frequencies  would  easily 
flow  between  stripes,  shielding  the  external  magnetic  field 
strongly,  as  it  occurs  with  a  continues  coating.  AX  u  ~ 
S/t^  =  10*  8~^  and  /  =  26  cm  (the  length  of  (me  section 
of  the  MEB  iigection  kicker),  Zc  —  l/{uC)  ^  300  0  for 
wi/g  =  4.  It  should  be  compared  with  the  resistance  of 
a  stripe  /Z  600  and  its  reactance  Zi,  ~  u>L  zi.  420.  It 
is  clear  that  from  the  point  of  view  of  shielding  we  have 
to  restrict  the  ratio  wifg  <  10-15  in  this  case.  It  means 
that  reasonable  values  for  the  stripe  and  gap  width  are 
tvi  =  4.5  mm  and  g  =  0.5  mm  for  the  case  of  AT  =  20. 


For  the  iqjection  kicker  we  get  <  0.016  m/0  and  for 
stmnless  steel  d  <  100  pm.  The  limitation  from  the  skin- 
depth  effect  is  weak  in  comparison  with  those  from  the 
eddy  currents. 


C.  Seating  Due  to  Eddg  Currents 


The  energy  produced  by  eddy  currents  during  time  r 
in  the  wall  of  length  /,  width  w  and  thickness  d  can  be 
estimated  as 


E  £; 


12r  ’ 


(4) 


where  B  a  Bo/r  is  taken.  The  relevant  temperature  rise 


is 


AT  zs - , 

^  -CM-  nrcmpm  ’ 


(5) 


where  Cm  and  pm  are  specific  heat  and  density  of  the  wall 
material.  If  we  take  them  as  450  J/kg/K  and  7600  kg/m* 
for  stainless  steel,  Bq  =s  0.015  T,  r  =  50  ns,  we  get  B/l  = 
0.5  J/m  for  d  =  1  pm,  and  AT  =  1.5  K.  That  is  not  too 
much.  It  should  be  noted  also  that  AT  is  independent  of 
the  thickness  of  the  costing. 

For  N  metaliic  stripes  instead  of  a  solid  coating,  the  in¬ 
duced  eddy  current  in  each  stripe  is  /i  =  I/N^  and  the 
resistance  of  a  stripe  is  Ai  =  NR.  The  total  energy  re¬ 
leased  is  only  Es  =  E/N^  and,  hence,  ATjv  =  AT/N^. 
It  means  that  in  the  case  of  AT  =  20  stripes  we  have  the 
temperature  rise  AT  =  0.004  K  only. 


D.  Effects  of  Slots  tn  Metallic  Coating 

Let  us  consider  what  width  wi  of  stripes  and  g  of  gaps 
between  them  are  reasonable  if  the  metallic  costing  is  per¬ 
formed  as  stripes.  If  there  are  N  stripes  on  a  horizontal 
chamber  wall,  then  wi-f-y  =  w/N  and  the  allowed  thickness 
of  costing  is  d  =  ATdo,  where  w  is  the  width  of  chamber  and 
do  is  the  allowed  thickness  of  continuous  coating.  When 
do  0.15  pm  for  stainless  steel  and  w  =  10  cm  we  would 
get  reasonable  figures  d  =  3  pm  and  wi+  g  =:  b  mm  for 
AT  =  20.  As  for  ratio  g/wi,  it  can  be  estimated  as  follows. 
A  narrow  (y  wi)  gap  between  two  thin  stripes  (d  C  g), 
which  are  in  one  plane,  has  capacitance 


III.  COUPLING  IMPEDANCES  OF 
CERAMIC  CHAMBER 

To  estimate  impedances  of  ceramic  chamber  we  will  use 
a  model  with  a  circular  cross  section  of  inner  radius  6  and 
multi-laya  wall:  inner  metal  coating  of  thickness  d  (con¬ 
ductivity  o),  ceramic  of  thickness  A  (permittivity  e),  and 
thick  outermost  layer  (perfect  conductor  or  magnet).  For 
such  a  geometry,  it  is  possible  to  calculate  em-fields  pro¬ 
duced  by  a  given  current  perturbation  and  to  derive  ex¬ 
plicit  expressions  for  coupling  impedances.  The  longitudi¬ 
nal  impedance  was  done  by  B.  Zotter  [6]. 

A.  Low-Prequeneg  Impedances 

The  real  part  of  the  longitudinal  impedance  of  a  chamber 
piece  with  length  L  is 

where  at  low  frequencies  (f  >  d)  A  =  Ro  =  l/(ord).  Since 
it  works  when  /  <  frtv  —  75.7  kflz,  the  ratio  of  the  kicker 
resistive-wall  impedance  to  that  of  the  ring  is 

_  Re  ShieS  _  L  dch^eh 

ReZch  ~  2rrR  do  ’ 

where  2‘irR  =  3960  m  is  the  MEB  circumference  and  dch  = 
2  mm  is  the  wall  thickness.  The  trsmsverse  impedance  can 
be  obtained  making  use  of  the  relation  =  (2A/6*)Z/n. 
With  L  =  3  m  as  the  total  lengt**  of  the  injection  kicker, 
(Teh  =  <r  and  d  =  0.15  pm,  we  get  r  ~  13  (!).  Certainly,  it 
is  the  worst  case  since  we  assume  the  image  current  flows 
only  through  the  coating.  In  fact,  some  part  of  it  will  flow 
through  external  circuits.  Nevertheless,  for  N  stripes  this 
ratio  would  be  N  times  lower  since  the  allowed  thickness 
is  N  times  higher.  Otherwise,  in  the  case  of  a  solid  coating 
it  is  reasonable  to  connect  two  pieces  of  the  beam  pipe, 
those  upstream  and  downstream  the  kicker,  by  a  good  ex¬ 
ternal  conductor  to  prevent  the  essential  reduction  of  the 
resistive-wall  instability  risetime. 

In  the  so-called  low-frequency  limit,  i.e.,  when  u  <; 
cy/{y/eb),  the  longitudinal  impedance  of  the  uncoated 
chamber  (d  =  0)  is  [6] 


C=i 


£  -I- 1  4eol 
2  n 


ln(2wi/g)  , 


Z  ZqL  P 
n  ~  2irA  [c 


tan  —  i{S^  —  -) 


(6) 
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tfrihtM  M  Uw  loM  tanytut  (10~^  for  alununa),  and  a 
p«tfeet  c<mdactor  outaida  caramic  is  aaaumad. 

Aoin  nmilar  caleul^(»a  tha  tranavarse  impadance  of 
tba  UBCoatad  cuamic  chamber  with  a  parfect  conductor 
oatttda  ceramic  ia 

„  Zol  r2e»aii«,  ./e-a  IM 

~  2irP  l(e  +  «)»  *\e  +  a  (4  + A)>  "  rVj  ’ 


whoa 


_  (6  +  A)2-6* 
®“  (H-A)a  +  63  • 


Tha  transverae  impedance  in  the  case  when  a  perfect  mag¬ 
net  is  outside  ceramic  is 


ZoL  r  2etan^,  _  .  fae-1  _  _1_\1 

2»6*  [(£  +  1/a)*  *  Vac  -H  ^  (6  -I-  A)*  -y*/ J  ‘ 


Hera  “T*  in  the  first  column  means  that  the  real  part  of 
impedance  for  an  unooated  chamber  is  ddined  mostly  by 
losses  in  octemal  conductors  or  ferrite. 

At  frequencies  bdow  1  MBs  ImZjn  and  JmZj.  are 
nearly  frequmcy-  and  d-independent:  —0.17  Q  and 
—0.35  MQ/m  for  the  extraction  and  abort  kickers  together; 
—0.26  n  and  —0.52  Mfl/m  for  the  iiyection  one,  when 
h  —  2.5  cm  is  taken.  With  5  =  5  cm  (optimistic  estimate), 
we  get  the  same  values  of  ImZfn,  and  —0.09  MO/m  and 
—0.13  MO/m  for  /mZi,  respectively. 

B.  Resonaneea 

Since  the  ceramic  chamber  works  as  a  slow-wave  struc¬ 
ture,  some  resonances  can  occur  at  high  frequencies.  If  we 
consider  tan  5*  1  and  frequency  range  c/{y/€h)  <.u  <. 
cy/b,  the  resonance  condition  is  simplified  to  [6] 


For  the  case  of  inner  continuous  coating  we  have  simple 
expressfons  in  the  low-frequency  limit  u  <  e/(-\/sb)  when 
7^1  and,  in  addition,  eeoub/tr  <id  dS.  For  stainless 
steal  at  frequency  /  =  60  MHz  it  means  10~*  m  •<  d  C 
5.4  •  10~*  if  s  =  10,  i.e.,  the  interval  of  practical  interest. 
The  transverse  impedance  is 


Zx.  =  Zo 


L  s-iC 
2»6*s*-l-C*  ’ 


(7) 


where  s  =  M/5*  and  C  —  (4+A)*/[(6-fA)*T5*],  the  upper 
sign  corre^onds  to  the  case  when  a  perfect  conductor  is 
outside  ceramic,  and  the  lower  one  to  a  perfect  magnet. 

Now  one  can  make  some  estimates.  Let  us  take  b  — 
2.5  cm  for  a  ptasitnistic  estimate  and  6  =  5  cm  for  an 
optimwtic  one,  A  =  3  mm,  e  =  10, 7  =  13-213,  R  —  630  m 
and  L  =  l^NiLi  =  21  m,  the  total  length  of  all  MEB 
kicker  magnets.  The  impedance  values  at  /  =  60  MHz, 
whidi  corresponds  to  the  bunch  spacing  5  m,  are  shown  in 
Tables  1  and  2. 


cot  |i/|A  =  b\u\l{2e) ,  (8) 


where  v  —  u\/\  —  £n0*lc.  If,  in  addition,  6/(2eA)  < 
1,  the  p-th  resonance  is  iq>proximately  defined  by  Zp  = 
|i/p|A  s:  x(p— 1/2).  The  maximal  value  of  the  longitudinal 
impedance  at  the  resonance  can  be  estimated  as 

(l\  -  ^  ^^0  )g"A»(g-r^)» 

\n)^  2irAtan5(  z*fc®  z^  +  C  ’  ' 

when  C  =  *[x  -I-  2/(e^*)  —  1]  with  x  =  2eA/6.  For  the 
parameters  cited  above  we  get  the  lowest  (p  =  1)  reso¬ 
nance  frequency  fi  a  8.6  GHz  and  corresponding  maximal 
impedance  (Z/n)i  s:  16  kl)  if  L  =  21  m. 

The  meti^c  coating  damps  these  resonances  drastically. 
The  impedance  value  is  approximately 


L  5* 
2xA2M  ’ 


(10) 


which  gives  (Z/n)i  ~  1.2  mil  for  d  =  1  pm. 


Table  1 


Longitudinal  Impedmice 

1  (Z/n)/  mG  1 

d,  pm 

0 

1 

5 

b  =  2.5  cm 

?-i202 

88  - 151 

23  - 13 

(  =  5  cm 

?-fl04 

46  - 125 

12  -  il 

Table  2 
Transverse  Impedance 


Zx7(kn/m) 


d,  pm 


1 


injection  kicker 


5  =  2.5  cm 


?-»243  34 -*2 


7  -  *0.1 


5  =  5  cm 


?-f44  I  4-ffl.l  I  0.9-i0.005 
extraction  ic  abort  kickers 


?-i310 


?-i42 


152 -t89 


20-111 


40 -tS 


5  -  iO.5 


IV.  CONCLUSIONS 

The  inner  metallization  of  the  ceramic  chamber  in  kick¬ 
ers  helps  to  avoid  resonances  and  static  charge  buildup. 
For  very  fast  kickers  the  coating  by  stripes  has  some  ad¬ 
vantages. 
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Akftnet 

It  ia  knowii  that  the  eketromagnetic  Odd  eanaed  by 
a  moving  ehaige  dapenda  on  ita  acoaJoratioD.  Therefore, 
if  a  bondi  ci  dutgtd  partkka  haa  a  dreiilar  tn^tory, 
the  aelf  fielda  in  the  bondi  depoid  cm  the  radioa  of  eor- 
vature.  We  will  treat  theae  a^  fielda  analytically  for  a 
oae-dimendonal  bondi,  oaiiig  the  LMnard-Wiediert  po- 
tentiala.  Theae  dqmid  <hi  the  retarded  poaitioiia  ci  the 
chargee  in  the  bon^.  We  will  ahow  that  one  only  haa  to 
determine  theae  poaitiona  explidtdy  for  the  endpointa  of 
the  bunch.  The  one-dimenaional  model  predicta  non-aero 
tangential  and  radial  foroee  in  the  middle  of  the  bunch 
which  dqiend  cm  ita  angular  width  and  <m  ita  angular  vc- 
lodty.  Expreaaions  for  theae  forcea  are  preaented.  A  ecmi' 
pariaon  between  die  power  loea  due  to  coherent  radiaticm 
and  the  tangential  force  exerted  on  the  central  dectron  of 
the  bunch  ahowa  that  there  ia  a  definite  rdation  between 
these  quantities. 

I.  INTRODUCTION 

We  consider  a  charge  9  in  an  arbitrary  mbit.  At  time 
t',  the  charge  is  located  at  r',  has  vdodty  p  and  accder- 

ation  0.  The  dectromagnetic  fidd  caused  by  this  charge, 
experienced  at  time  t>  t*  and  pontion  Pi  can  be  derived 
from  the  Lidnard>Wiech«t  potentials  [2]  and  reads 

t)  =  -i- 

'  ^  4ireo  [7a(l-^.n)SA>  e(l-/?  n)»A 

i(Pi,<)  =  (n/c)xi(P,.<), 

with  A  =  c(l  —  <^)  ss  ||fi  —  f'll  and  n  =  (ri  —  r')/A. 
The  first  term  in  the  equation  for  S  represents  the  usual 
Coulomb-like  *q>ace  charge  fidd,’  the  second  term  the 
‘synchrotron  radiation  fidd’  (containing  the  accderation 

0  and  being  perpendicular  to  n).  The  fact  that  the  above 
equations  rdate  the  EM  fidd  at  t  to  quantities  at  retarded 
time  0  makes  it  difficult  to  express  the  total  fidd  at  t  for 
a  bunch  with  arbitrary  charge  distribution  in  a  general 
orbit.  The  retardation  condition,  which  depends  on  the 
orbit  path  and  observer  position  fi,  most  be  solved  to 
express  the  relation  betwem  f(f)  aad  r'(l'). 

II.  ONE-DIMENSIONAL  BUNCH 

The  treatment  presmted  in  this  paper  is  an  overview 
of  work  reported  in  reference  [1].  We  look  at  the  elec- 
tnanagnetic  field  for  the  specific  case  of  a  homogeneously 


t 


Figure  1:  ID  hunch  ia  a  drculu  orbit. 

charged  ID  bunch  in  a  drcnlar  orbit  with  radius  iZ  (see 
Fig.  1).  The  ‘bunch  angle’  is  denoted  =  i/R  with 
/  the  (longitudinal)  aiae  of  the  bunch.  Hie  (constant)  10- 
tatkm  frequency  is  u  and  the  linear  charge  density  is  A. 
We  consider  a  reference  charge  e  at  an  angular  position 
rdative  to  the  front  side  ot  the  bunch,  i.e.  — ^  <  Pi  <  0 
(all  aa^ea  srill  be  taken  positive  in  the  direction  of  totor 
tion).  The  force  exerted  <hi  e  ia  caused  by  all  other  charges 
in  the  bunch.  One  of  thoee  other  diarges  ia  9,  at  angular 
poaition  ^  (— <  ^  <  0).  At  retarded  time  t’,  charge 
9  emits  a  photon  that  reaches  charge  e  at  time  I.  Mean¬ 
while,  the  bunch  has  rotated  over  an  an^  — s  w(f — P), 
<  0.  The  angular  distance  between  9  at  0  and  e  at  t 
is  denoted  6  =s  ^  —  ^1  (can  be  poritive  or  n^ative). 
The  retardation  condition  expreaaes  the  relation  between 
61  aad  (^  —  ^).  We  obtain  (for  the  case  <  v  "  ^0) 

9>-9>i  =  |tf*|±2arcsin  ,  -20<fit<O. 

Note  that  charges  both  to  the  left  and  to  the  right  of  e 
contribute  to  the  field,  hence  two  vriues  for  (^  —  f^i)  exist 
for  pven  fit. 

We  now  consider  an  infinitesimal  charge  dq  =  XRdup 
at  angular  position  \p.  It  causes  an  electric  ikld  dE  at  the 
position  of  reference  charge  e  and  a  force  dF  given  by 

dF  =  e{dE  +  0Cs  x  (0  x  dE)}. 

where  the  force  contribution  by  the  magnetic  field  has  also 
been  takm  into  account  (note  that  0  is  constant).  Here, 
the  coordinate  system  (c,y)  has  been  used,  with  Cc  the 
unit  vector  at  P]  in  the  tangential  direction,  and  e,  in  the 
radial  direction.  The  total  fwce  on  e  caused  by  the  entire 
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b«Mk  ii  ih«i  fbiuid  via  intagration 


III.  TANGENTIAL  FORCE 


f.  I  rf-Bjjf/ 

kmmA  \-*m  Vt-f*  / 

lo  tha  fimit  c  i  0,  tlw  aepaiate  iatagyah  an  aot  fliiita,  but 
<MtIy  tbair  turn  is  ralevmnt.  Tlia  «  aad  y  componenta  oi  tha 
fbrn  an  givan  by 


Tha  eaqknatioB  for  the  taofeetial  force  caa  bow 
be  fouad  aaalytieaUy.  For  this  purpoae,  tha  variable  v  is 
iatrodneed 


aad  the  tangential  force  reads  (still  sasuming  ipm  < 


^9  =  Vm  f  tmdifi, 

hoick 

=  9m  j  0nm)e,}d9, 

hokck 


when  the  dimoirionleas  quantities  B  and  T  an  defined 
according  to 


e  = 


direpA^ 

« 


E, 


T- 


4^ 


In  ord«r  to  find  analytical  exprasskuis  for  T,  and  it 
would  be  convenient  if  aad  H  could  be  exptesaed  as 
functions  of  However,  thw  quantities  an  only  known 
as  a  function  of  0  and  an  given  by 


=  — (sind)/>V,  n,  =  (1  —  cosd)/>V, 

1V  =  VS-icosd, 

(2^  -  l)sind  -  2^ sin(2d)  +  W^/9*  -  coad) 
(idsind  +  WF 

_  _  (l  +  /?*cosd)(l  -coad)  +  >V/9sind 
(/?sind  +  >V)» 

The  ntardation  condition  expresses  d  as  an  implicit  func¬ 
tion  of  <p,  with  9\  and  p  as  parameters.  It  turns  out  that 
it  is  impossible  to  express  d  as  a  finite  number  of  explicit 
functions  in  As  a  solution  to  this  problem,  we  simply 
choose  d»  as  new  integratim  variable.  This  is  a  very  useful 
method,  since  both  d  and  <p  an  explicit  functions  of  dp. 
The  relation  between  d  and  dt  reads 

As  an  example,  the  equation  for  the  tangential  f<»ce  com¬ 
ponent  becomes 


^9  =  9m  lim 
«io 


^9  =  9m{'P9(V4,P)  -  ^.(VX,  -/f)),  Vi  =  v(0ti), 


with 


V9iv,0)  = 


+ 


+ 


1-0 

4 


2  V  »  +  /9  (»  +  /?)’■ 


Note  that  vp  and  vs  do  not  appear  in  the  expreaskHn  fw 
because  their  contributi<»is  cancel  in  the  limit  e  i  0. 
Hiis  implies  that  the  retardation  condition  only  has  to  be 
solved  for  the  two  edges  the  bunch. 

In  practice,  we  an  mainly  interested  in  forces  near  the 
centn  of  the  bunch  (denoted  ‘0’  for  convosience).  In  case 
i9m  ^  —  0  (i>o>  ^  <  1),  we  obtain  for  the  tangential 
force  in  the  middle  of  the  bunch 


It  is  seen  that  the  force  is  unequal  sero  and  negative,  i.e. 
points  in  a  direction  opposite  to  the  bunch  velocity.  It 
can  be  shown  that  the  minus  sign  is  caused  by  a  negative 
contributicm  wiginating  from  the  synchrotron  field.  The 
space  charge  fidd  gives  a  (three  times  smalls)  positive 
omtributicm,  which  is  also  unequal  zero  as  a  result  of  the 
orbit  curvature  (^m  ^  0).  In  case  7  >  1,  the  above  ap- 
proximation  is  not  valid.  Instead,  the  following  exqxression 
must  be  used 


^.(0)  =  -  (^)  +  *  (>  W'” + 0(*i). 

Again,  the  large  negative  term  is  caused  soldy  by  the 
synchrotron  field.  In  this  expansion  we  see  that  Tg{0) 
is  mainly  proportional  to  and  independent  of  7. 

However,  7-dependency  appears  in  higher  order  terms. 

Both  the  above  expressions  for  ^c(O)  (based  tm  expan¬ 
sions  of  vi  and  V4)  are  in  good  agreement  with  numerical 
calculations,  which  solve  vi  and  V4  exactly. 


By  having  changed  the  intention  variable  from  9  (longi¬ 
tudinal  position)  to  0t  (represoiting  time),  the  retardation 
condition  now  only  has  to  be  solved  explicitdy  for  the  four 
endpoints  of  the  int^ab  rathw  than  for  every  single  po- 
rition  within  the  bundx.  We  have  for  given  0  and  91 

Oh  =  0h{9  —  —9m),  =  9»(<p  =  9i-  e), 

0»a  =  0h(9  =  +  e)i  9*4  =  0^(9  =  0)- 


IV.  TANGENTIAL  FORCE  VS.  POWER  LOSS 

The  above  results  show  that  .^>(0)  <  0  ovor  the  foil 
energy  range  0  <  0  <  I  and  that  the  resulting  bunch  de¬ 
celeration  is  caused  entirely  by  the  synchrotron  field  com¬ 
ponent.  This  leads  to  the  thought  that  there  could  be  a 
relation  between  the  force  .F«(0)  and  the  power  loss  due 
to  (synchrotron)  radiation.  The  general  relation  between 
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Um  |wpw  a  loit  hf  ateadi  in  diadnt  inotkn  and  th« 
fere*  (A)  oavtad  on  tha  particlaa  in  tha  bunch 

laada 

A  *  -iV«/i(A>. 

with  N  tha  totid  nondiar  of  partidaa.  The  pomv  P«  nr 
diatad  by  a  dnsle  ^aife  e  in  dienlar  niotkm  ia  given  by 


20»r^i2n0)-il-0»)  j  J^{z)dix  . 

0 

and  A  the  Beeiei  fnnetkm  of  order  n.  The  total  power 
A  radiated  by  a  bunch  with  given  diarge  dktribution  can 
be  split  into  incobwent  (A««)  ud  coherent  (A^)  ecm- 
tributicHis.  For  the  subsequent  calculations,  we  assume 
Am«  <  P—k,  which  is  valid  f<»  high  current,  low  en¬ 
ergy,  bunched  beams  (e.g.:  7  s  10,  ^  =  0.2  rad  and 
N  ^2- 10**  gives  Ai.*/A*dk  «  2  •  10"*).  We  then  get 
fix  the  scaled,  avwrage  force  representing  the  decelerating 
‘radiation  reaction*  caused  by  the  coherent  power  loss  of 
a  homogeneously  charged  ID  bunch 

+  for 

+  for  7>1. 

So,  apart  from  a  numerical  factcw  close  to  1,  the  average 
radiation  reacticm  force  (A)  h*  equal  to  the  total  tan¬ 
gential  force  A(0)  exerted  on  the  central  electron  in  the 
bunch.  In  generid,  there  is  no  a  prion  relationship  be- 
twe<n  the  average  f<»ce  and  the  force  experienced  by  the 
central  electron,  but  such  a  relation  seenos  to  exist  in  the 
present  case. 


V.  RADIAL  FORCE 

The  expression  for  the  radial  force  A  found  in  a 
similar  way  as  fm  the  tangential  force.  We  get 


2(u  +  /?)  ’ 


and  Vi  ddined  as  before.  Contrary  to  the  case  of  the  tan¬ 
gential  force,  we  cannot  take  the  limit  c  i  0  here  since  A 
is  divergent.  This  is  caused  by  the  fact  that  the  bunch  has 
no  radial  dimension.  As  a  solution,  we  think  of  the  bunch 
as  a  sector  (angle  ipm)  of  a  3D  twus  with  m^or  radios  R 
(orbit  radius)  and  minor  radius  a  (bunch  radius,  a  <  R). 
Then,  we  must  set  [4] 


So,  we  calculate  A  according  to  the  ID  model,  but  we  use 
a  finite  value  tot  e  that  approximately  takes  the  properties 
of  a  3D  bunch  into  account. 


We  BOW  coosider  ^  value  of  A  ^  centre  of  the 
boiKh.  Aasomiug  €  <i  Vm  <ilt  expansioos  are  used  to 
find  the  mort  important  eontribuUons.  We  get 

HVmPf;  4-  0(^)  for  ^  <  1, 
I  |^ln(^/2e)  +  0(v4i*)  for  7>1- 

In  the  drst  case  {0  C  l)i  it  turn  out  that  the  force  is 
entirely  due  to  the  eiectric  part  ot  the  space  charge  field. 
The  magnetk  force  and  the  pynchtotion  fhdd  contributum 
can  be  neglected.  Additionidly,  the  expression  for  Pf{0) 
is  in  perfect  agreement  with  le^ts  obtained  frcnn  an  Elf- 
statics  a{q>roaeh.  In  the  seccmd  case  (7  >  1),  the  force 
is  mainly  caused  by  the  pjmchrotrmi  fidd.  In  both  cases, 
we  see  that  **  podtive,  i.e.  points  in  a  direction 
away  from  the  coitre  of  curvature.  Moreover,  A(0)  ** 
invosely  prrqmrtional  to  R  and  almost  independent  of  7. 
Finally  note  that  the  above  expressions  tor  A(0)  in 
good  agreement  with  numerical  calculaticMis,  which  solve 
ui  through  V4  exactly. 

VI.  CONCLUSIONS 

Sdf  forces  in  a  ID  bunch  were  calculated  using 
Li4nard-Wiechert  fidd  ocpresskms.  By  choosing  a  con- 
venioit  coordinate  transformation,  an  analytical  expres¬ 
sion  for  the  force  vector  has  been  found  and  it  is  diown 
that  the  retardation  ccmdition  only  needs  to  be  solved  ex- 
plidtdy  for  the  two  endpoints  of  the  bunch.  This  can  be 
done  numerically  or  by  making  an  analytical  expansion  m 
terms  of  the  bunch  angle.  It  follows  that  the  self  force 
in  the  middle  of  the  bunch  has  non-teto  radial  and  tan¬ 
gential  components.  For  low  energy  bundles  (ft  <  1), 
the  tangential  force  is  almost  lero  while  the  radial  force 
has  a  finite  value  that  is  in  perfect  agreement  with  the 
result  of  EM  statics.  For  hi^  energy  bunches  (7  >  1), 
these  forces  reach  a  limiting  value.  Over  the  entire  ai«rgy 
range,  the  tangential  fmce  points  in  a  direction  opposite 
to  the  bunch  velocity  and  seems  to  be  dosdy  rdated  to 
the  coherent  radiation  reaction  force. 
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Absaraa 

Tlie  transfer  stroctuie  foe  generation  of  microwave  pown 
6am  die  bwched  drive  beam  presently  consists  of  a  smooth 
beam  tube  and  a  periodically  loaded  wave  guide  running  in 
parallel  and  coiqM  to  U  by  a  skx.  The  bunches  are  in  syn¬ 
chronous  interaction  with  a  fivwaid  2  X  13-mode,  Both  the 
coupling  6om  the  beam  to  the  outpm  wave  guide  and  the 
wave  propagatkm  down  the  tube  have  been  measured  on  a 
scaled  model  at  8.6  Gib  with  the  wire  method,  giving  the 
longitudinal  beam  inyedance  and  wake  6eld.  *nansverae  wake 
fiel^  can  be  calculated  6om  the  longitudinal  ones  measured 
with  the  wire  dose  to  a  shotting  introduced  in  die  centre 
of  the  structure.  Quantitative  estimates  are  then  deduced  for 
the  real-scale  transfer  stractme  at  30  GHz  and  compared  with 
results  obtained  Bom  the  three-dimensional  MAFIA  package, 
bodi  being  in  good  agreement  While  the  longitudinal  wake 
6dds  Bom  leading  bunches  are  in  phase  with  the  following 
bunches,  the  tnnsvene  wake  Belds  have  a  90**  {diase  offset 
The  wake  field  funedons  resulting  6om  these  studies  have 
been  inserted  into  the  cracking  program  DTRACK  and  the 
transverse  beam  blow-np  obtain^  seems  to  indicate  that  the 
eflects  of  such  wake  fields  remain  tolenble. 

I.  INTRODUCTION 

CERN  Linear  CoUidre  (CLIC)  studies  are  based  on  a  two- 
linacscheme.  The  main  fiiuc  accelerates  the  beam  towmds  die 
experimental  collision  point  while  the  drive  linac  carries  the 
strong  beam  to  generate  the  required  power.  The  drive  beam  is 
made  of  trains  ^  intense  buncMets  and  its  dynamics  includes 
specific  features  (1):  the  energy  differences  between  bunchleis 
a.2  unusually  large  due  to  increasing  decelerating  field,  the 
energy  spread  within  indivkhial  bunchlets  is  strong  since  the 
bunch  length  Oz  is  assumed  to  be  10%  of  the  30  GHz  wave¬ 
length.  and  the  wake  fields  may  endanger  beam  stability. 


Fig.  1  Upper  half  of  the  vertically  symmetric  CTS  showing 
the  round  beam  chamber  and  the  upper  periodically 
loaded  wave  guide  whh  X/3  cells.  The  wave  guides  are 
charged  widi  EM  energy  through  constructive  interfer¬ 
ence  at  the  passage  of  bunch  trains. 


The  inqiaa  of  these  features  in  the  presence  of  mimligmtaits. 
tn^tory  corrrections  and  magnetic  fooismg  has  been  studied 
by  tracl^  with  the  code  DTRACK  {!].  Since  tracking 
tequues  a  wake  fidd  descripiion  as  realistic  as  possible,  these 
fields  were  actually  measured  and  calculated  for  a  recent  model 
G’ig  1)  of  the  cue  transfer  structure  (CTS).  Simulations 
include  ever  since  synchronoim  transverse  fid^  and  focus  on 
the  option  of  cue  with  a  cjn.  energy  of  SOO  GeV  and  an  RF 
fiequency  of  30  GHz  [2]. 

n.  CTS  MODEL  MEASUREMENT  AND 
MAFIA  SIMULATION 

The  Wenzd-Panofeky  relation  jeoAp^  s  -d( AE)  /  dx  [3] 
(x  transverse  co-ordinate,  Apx  transverse  momentum  kick. 
AE  energy  charige  at  X  caused  by  modes  asaodtfBlJKillLtte 

transverse  kick  wilv^  together  with  the  usual  definitioas 

AE  B -Z||ei(o>)  and  Apx  > -jZj,edi(o>yc 

(d  transverse  beam  offset,  i(o>)  »  q(&p(-o>  o)^/2)  qiectral 
beam  civrent  for  a  gaussian  bunch  with  charge  q,  o  RMS 
length)  and  with  a  linearity  assumption  AE(x,o>)  » 
AE(d,m)x/d  yields  the  simpfe  relation 

Z^  (m)  B  CZ|)((D  41/(0 

between  the  longitudinal  impedance  at  d  and  the  transverse 
one.  In  practice  a  measurement  of  die  transmission  S21  along 
a  traversing  wire  of  characteristic  impedance  Zq  .  offset  by  d 
from  a  shorting  mid-plane  (suppressing  all  parasitic  Eq^^/Hon 
modes),  allows  the  equation  fiist  of 

Z||(o>,d)  =  2Zo  (1-S2i)/S2i 

and  then  of  Zx(o>)  from  Z||(c(),d)  as  described  above.  The 
transverse  kick  Apx(t)  is  subsequently  calculated  via  inverse 
Fourier  transformation  of  -jedi(o>)Zj,(()(>)A;  (see  Fig.  2). 
The  cumulative  wake  from  many  bunches  is  obtained  by 
superposition.  The  wake  is  shown  at  time  intervals  of  S  RF 
cycles  (167  ps)  after  the  passage  of  the  single  bunch  that 
created  the  wake.  The  wake  exhibits  zero  crossings  at  the  cen¬ 
tres  of  subsequent  bunches.  This  wake  results  from  a  non- 
centred  bunch  inducing  unequal  fields  in  the  2  opposite  wave 
guides.  It  fedes  away  as  the  energy  in  the  wave  guides  propa¬ 
gates  out  of  the  CTS. 

The  cue  transfer  structure  was  simulated  using  the  code 
MAFIA  3D  (m  a  SUN  IPX  workstatiem  [4].  A  twelve-cell 
section  of  the  structure  with  some  120WX)  mesh  points  was 
used  in  the  time  domain  processor  T3310  to  find  the  wake 
fields  induced  by  a  bunch  oi  charge  1  pC  with  a  longitudinal 
dimension  Oz  »  1  mm.  The  longitudinal  wake  field  was 
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found  pfoctaf  die  bunch  on  the  axis  of  the  cylindrical  beam 
chamb«,  whUe  for  the  transverse  wake  the  bu^  was  offset  1 
nun  vertically  awi^  bom  the  axis. 
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conducting  (SC)  352  MHz  cavities,  hannonic  cavities  2  and  4 
[5]  makes  it  possiUe  to  lengthen  the  p«e-acMleratioo  ranqi 
such  as  to  acceletaie  iq>  to  43  bunchlets  instead  of  11  as  in 
the  simplest  airangenient  (reducing  the  bunchlM  charge  from 
160  to  40  nQ.  In  order  to  pardy  couniertiolance  befo  ehand 
the  beam  energy  deposition,  the  bunchlets  may  have  different 
injection  energiM,  increasing  from  die  b^iniiing  to  the  (»d  of 
a  train  following  the  pre^Kxxletatioa  ramp.  Using  harmonics, 
this  ramp  can  last  180°  at  352  MHz  but  have  the  shape  of  a 
sinus  function  between  45°  and  90°  at  88  MHz  for  instance 
(Hg.  4.  thick  curve).  Since  the  focusing  drops  with  energy  in 
the  last  part  of  the  linac  and  the  phi^  advance  increases 
monotonously,  the  last  bunchlet  has  to  be  injected  at  about 
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Fig.  3. 
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3.5  GeV  to  avoid  button  instabili^.  This  implies  an  energy 
of  about  2.3  GeV  for  the  first  buncUm. 


Fig.2  Phase  (90°/div.)  mid  amplitude  (12.2  VyjpCm/div)  of  the 
CTS  wake  obtained  from  inverse  Fourier  transforma¬ 
tion  of  measured  wire  transmission  data  S2i((i>) 


The  transvnse  wake  field  is  the  most  dangerous  for  beam 
stability.  Its  catculaied  shape  is  shown  in  Fig.  3 
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Fig.  4  Initial  (thick  curve)  and  final  (thin  curves)  bunchlet 
energies  in  the  drive  beam. 


Hence,  in  a  3.5  km  drive  linac,  the  energy  of  the  train  tail  falls 
to  ~1  GeV,  which  satisfies  the  two  conditions  [6] 
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Transverse  wake  field  of  (me  bunch  with  charge  IpC 
traversing  one  CTS  structure.  (Vertical  scale; 
V^m,  horiz(mtal  scale:  m). 


The  p^  value  of  the  transverse  wake  field  found  in  the 
simulation  cocre^wnds  to  a  peak  deflecting  field  of  32  WtsCxa 
for  one  CTS  structure  with  144  cells.  This  value  is  slightly 
lower  than  die  one  found  model  measuremenL 


that  velocity  qiread  due  to  finite  energy  and  path  length  spread 
due  to  transverse  emittance  do  not  make  bunches  drift  apart  If 
the  linac  length  Lt  -  3S(X)  m  and  <t,  «  1  mm,  the  first  condi¬ 
tion  (the  most  restrictive)  gives  an  energy  threshcdd  of  tqqnox- 
imately  0.7  GeV.  The  sec(md  C(mditi(m  is  less  restrictive 
mainly  because  we  assume  an  r.m.s.  ncxmalised  emittance 

YEyOf  5  lO*^  rad  m  for  2.5  10^  ^  particles  per  bunch.  Such  a 

value  prevents  intmmediate  re-acceleradon  in  the  3.5  km  long 
linac  (500  GeV  c.m.  option). 


Unavoidable  acceleradtm  at  low  frequency  and  30  GHz 
power  transfer  ftxce  the  use  of  several  trains  with  bunchlets 
separated  by  A  gp.  The  difficulty  of  generating  short  and  in¬ 
tense  buncKI  '.s  pleads  for  a  relatively  large  number  of  these 
with  lower  popidadon.  A  proposal  to  use,  beside  the  super- 


The  wake  field  model  includes  now  two  components: 
i)  the  fundamental  modes  that  are  synchronous  with  ^  beam 
at  30  GHz  and  come  from  model  measurements  and 
computations,  ii)  the  asynchronous  part  that  is  calculated  for  a 
circular  and  smooth  resistive  pipe.  With  a  charge  of  40  nC 
the  decelerating  field  per  bunchlet  is  about  17  kV/m  and  the 
worst  transverse  wake  field  (measured  peak  value)  is  ~2-10^ 


VAik  The  lyachronoqa  waket  incwiMf  lineariy  from  btachkt 
Id  hnnclriit,  taft  te  loB^tediMt  iBBpttole  hM  peeks  it  way 
boMh  COM  wMte  ite  tnaevem  one  it  riUftedby  9(r 
tarot  at  boach  qaHrot.  Waka  field  effactt  have  been 
inirnnijroiil  Ihr  aiirtiijMinnti  nf  IfHim  r  m «  fnr  ijiilnirnlri 
and  ttaotveiae  atwciawt  and  of  9Mra  r4B4.  for  the  podtkw 
BHonten.  ‘nnilecaaryitcotrectBdoathebatitofBieatarB- 
ineetB  huegaiBd  over  the  wboia  toiB  and  with  a  one-ro-ooe 
dforklaa.  Focoa^hattobeghiwjthaphateadvaiiceofSO” 
at  3  J  GeV  Chnt  bancb)  in  order  to  avoid  a  cove  htstability  near 
the  at  GeV.  Betatron  Amctioot  must  however 

remain  low  so  thm  the  emi  ttances  stay  confined  within  the 
linac  acceptance.  This  is  achieved  by  having  quadrupoles 
every  2  m.  Le.  a  total  of  -1730. 

longitudinal  wafce  fields  induce  strong ene^  variations  as 
shown  in  Rg.  4.  Bonchlet  cores  have  energies  between  2.3 
and  1  GeV  while  heads  and  tads  maintain  th^  injection  ener- 
giei  (from  2.3  to  3  J  GeV).  If  the  Twiss  fimcdons  remain 
constant  for  the  first  bunch  whose  energy  does  not  change 
mucli.iliey  may  varyalotforihelaatooe.  Its  phase  advances 
rise  from  30”  to  to  180”  and  its  ^-frinction,  which  de¬ 
creases  hdtially.  increases  when  (i  >  90”  (Fig.  S)  and  the  beam 
sizes  Uow-iq>.  When  fixim  reaches  zero,  focusing  instability 
occurs  and  this  poim  has  to  be  kq>t  beyond  the  linac  exit 
(Fig.  5). 


Fig.  S  Betatron  functions  for  the  first  (dotted  line)  and  the 
last  (full  line)  bunchlet. 

Furthermore,  /9-functians  differ  between  the  head,  the  core  and 
the  tail  the  bunchlets  because  of  strong  energy  variations. 
Hence,  whoi  the  contribution  to  emittance  blow-up  of  trans¬ 
verse  wdce  fields  is  calculated,  the  emittances  of  there  different 
parts  of  the  bunches  are  tracked  and  normalised  sqtarately. 
They  are  eventudly  conqrared  to  the  p^te  accqMance  to  verify 
that  the  beam  gets  through  the  linac.  Rg.  6  shows  a  plot  of 
the  vertical  core  emittances  at  the  end  of  the  linac,  which  are 
confined  within  the  acceptance  tqxesented  by  a  circle  tangen¬ 
tial  to  the  frame. 


Y,  [10*^  m®-®l 


Rg.  6  Vertical  bunchlet  emittances  at  the  linac  exit 

IV  CONCLUSIONS 

Transverse  wake  fields  of  CTS  have  been  actually 
measured  on  a  modd  and  calculated  with  MAFIA,  both  results 
being  in  good  agreement  Beam  tracl^  in  there  conditions 
indicates  that  all  the  bunchlets  remain  inside  the  linac  aperture 
over  the  requited  3.S  km.  provided  the  injection  energy  is 
adjusted  along  the  train,  \ifith  the  retained  parmneters  the 
stability  limitation  comes  not  so  much  from  the  wake  fields 
doe  to  the  transfer  structure  as  from  the  drop  of  the  focusing 
widi  energy. 
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AA«<rtef 

The  buBdi  cuneDt  in  LEP  ie  Umitod  by  collective  effect* 
iUghUy  bdow  its  design  value,  lb  understand  this  limita- 
tion,  a  set  of  experiments  has  be«i  carried  out  to  obtain 
a  model  of  the  impedance  seen  by  the  circulating  beam, 
item  messniements  the  current  dependance  of  the  syn- 
dnottw  and  betatron  frequencies  information  about  the 
longitudinal  and  transverse  reactive  impedance  has  been 
<d>tained.  The  growth  rate  of  the  m=:l  head-tail  instability 
has  been  dbsorved  to  gain  scnne  knowledge  of  the  resistive 
transvttse  impedance.  Hie  dependence  of  the  transverse 
mode-coupling  threshold  on  bunch  length  has  been  mea¬ 
sured.  The  energy  loss  per  turn  ai  a  stable  bunch  is  given 
by  the  kmgitudinal  resistive  impedance  and  has  been  mea¬ 
sured  by  recording  the  change  of  the  synchronous  phase 
angle  srith  current.  All  these  quantities  represent  integrals 
over  products  of  bunch  mode  spectra  and  impedances.  By 
measuring  them  f<»  different  bunch  lengths  the  frequency 
dependence  of  the  impedances  can  be  estimated.  Fri>m 
these  results  a  modd  of  the  LEP  impedance  has  been  ob¬ 
tained  which  can  be  used  to  estimate  the  current  limitation 
under  different  operating  conditions. 

I.  Introduction 

Single  bunch  instabilities,  in  particular  transverse  mode 
coupling  at  iiyection  energy,  are  limiting  the  current  and 
hence  the  luminosity  of  LEP[1].  To  understand  -  and  pos¬ 
sibly  overcmne  -  this  limitation,  we  have  computed  the 
impedances  of  various  components  of  the  vacuum  cham¬ 
ber  wall.  Their  interaction  with  charged  particle  bunches 
can  be  described  quite  well  by  a  number  of  broad-band 
rescmstms. 

The  largest  impedance  in  LEP  is  due  to  the  RF  cav- 
itks,  in  particular  the  5-cell  copper  cavities,  of  which 
128  wne  installed  originsUy.  Their  transverse  broad-band 
impedance  is  computed  from  the  dependence  of  the  trans- 
vase  loss  factor  m  bunch  length  [2],  which  yields  a  value 
f<»  R/Q  of  about  11.8  KO  per  cavity,  with  a  resonant  fre- 
quaicy  riightly  above  2  GHs. 

Eight  of  the  350  MBs  copper  cavities  have  since  been 
rq>laoed  Ity  four  1  GHs  feedback  cavities  (7  cells  each),  in 
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our  calculations.  Furthermore,  a  small  number  (2  mod¬ 
ules  of  4  cavities  each)  of  superconducting  (SC)  4-^  cav¬ 
ities  have  been  added  so  far,  with  many  more  to  cmne  for 
LEP200.  The  transverse  Inroad-band  impedance  of  these 
cavities  is  much  lower  (R/Q  =  1.88  KO  pa  cavity),  as  srril 
as  their  resonant  frequency  (0.71  GHs),  due  to  the  larga 
beam  tube  holes  and  smo<Aher  sh^>es.  For  simplicity  we 
just  retain  the  original  numba  of  cavity  cells 

The  second  nM3st  important  impedance  in  LEP  is  caused 
by  the  vacuum  chamba  bellows,  of  which  there  are  a  very 
large  numba  because  of  the  large  circumference  oi  the  ma¬ 
chine.  All  of  those  which  connect  oval  chambers  srith  nnall 
height  (70  mm)  have  been  shirided  srith  sliding  finga  c(»i- 
tacts  to  reduce  their  effect  on  the  beam  (2800).  There 
are  also  almost  400  unshielded  bellows  between  circular 
chambers  of  larga  diameta  (100  mm).  Their  transverse 
impedance,  inversely  propotional  to  the  third  powa  of 
the  beam  hole  is  hence  smalla,  and  we  simply  increase  the 
number  of  shielded  bellows  to  3000. 

Due  to  the  small  sise  of  the  cross  section  variations,  the 
broad-band  impedance  of  the  bellows  is  expected  to  have  a 
rather  high  resonant  frequency.  In  principle,  it  can  be  esti¬ 
mated  from  the  position  of  the  maximum  of  the  transverse 
loss  factor.  However,  until  recently  the  rise  limitations  of 
our  mesh  codes  (a  few  100.000  mesh  cdls)  did  not  per¬ 
mit  us  to  find  this  maximum,  and  thus  only  a  Iowa  limit 
of  8  GHz  could  be  given  for  the  resonant  frequency [4]. 
A  recent  improvement  of  the  code  ABCI,  introducing  a 
so-called  "moving  mesh”,  permits  the  use  of  much  fina 
mesha.  With  a  mah  sise  corraponding  to  7  million  mah 
cells  in  a  static  mesh  code,  the  maximum  of  the  loss  factor 
was  finally  found,  corresponding  to  a  frequency  oS  almost 
120  GHs,  ten  tima  above  the  previous  limit.  Howeva, 
this  value  is  important  only  for  extremely  short  buncha 
which  are  of  little  interest  in  LEP. 

For  the  longitudinal  impedance,  the  contribution  of  the 
unshielded  large  bellows  is  also  important.  Nevertheless, 
the  total  longitudinal  loss  factor  is  some  20%  too  small 
for  buncha  of  o’,  <  10mm,  probably  due  to  many  otha 
small  impedanca  which  have  ban  n^lated.  Such  onn- 
ponents  include  the  elatro-static  sepaator  plata,  (about 
40  pairs),  pick-up  buttons,  collimators,  flange  gaps,  pump 
connatims  etc.  For  the  transvera  threshold  calculations, 
it  is  sufficient  to  include  the  RF  cavitia  and  bellows  to 
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(1) 


Figure  1:  Growth  rate  of  the  msl  head-tail  mode 


Figure  2;  TMC  threshcdd  current  vs.  bunch  length 


obtain  satisfactory  agreement  with  measurements. 


II.  Current  Dependence  of  Betatron 

Tunes 

A  simple  measurement  which  jrields  the  imaginary  part 
oi  the  transverse  impedances  is  that  of  the  change  of  the 
betatron  tunes  with  current[3].  However,  the  measure¬ 
ment  should  be  made  at  constant  bunch  length  in  or¬ 
der  to  get  a  model-indqFiend«it  result.  Fortunately,  the 
bunch  length  is  (almost)  independent  <ji  current  when  the 
bunches  are  l«igth«ied  by  excitation  of  the  wiggleis,  and 
longer  bunches  can  be  measured  up  to  quite  high  currents. 
For  shorter  bunches  one  has  to  stay  below  the  ”  turbulent 
thrediold” .  We  have  thus  obtmned  a  set  of  values  for  the 
’’tune-ri<^>e^  dQ/dl,  in  both  the  horisontal  and  the  ver¬ 
tical  |daim,  over  a  range  bundi  lengths  of  interest  for 
LEP  (5-20  mm). 

Hie  tune-dqpes  are  proportional  to  the  sum  of  the  prod¬ 


ucts  ot  the  beta  fhactioos  and  "eSeetive*'  impedances 

where  die  dfective  impedances  are  given  by  the  overlap 
integrals  of  the  impedance  and  the  spectrum  of  the  bunch 
oscillatioiis.  Fw  gausaian  bunches  oscillating  in  a  dipole 
mode,  and  a  broad-band  resonator  impedance,  one  can 
^proximate  the  result  for  shcnrt  bandies  (wr^f/c  «  1) 
by  =  2(urc,/e)^  (R/Q),  while  Z±tff  «  R/Q  for 
longer  ones. 

The  difference  between  the  tune-dopes  in  the  horison¬ 
tal  and  vertical  directions  also  permits  an  estimate  of  the 
contributions  of  the  RF-cavities  -  whidi  have  circular  beam 
holes  -  and  ot  the  bellows  (reap,  the  rest  of  the  oval  vacuum 
chamber),  where  the  vertical  dimension  is  about  a  factor 
two  smaller  than  the  horismital  one. 

The  measured  ‘‘dq;>es”  (depending  <»  bunch  length)  are 
ofthe  order  (^)i,  «60-70A-»,  (^)v  «  100- 130^-^ 
These  values  agree  quite  well  with  the  predictions,  and 
were  thus  a  first  confirmation  of  the  impedance  model. 


III.  Growth  Rate  of  m=1  Head-Tail 

Modes 

At  injection,  LEP  is  normally  operated  wit:,  u  slightly 
positive  (Q’s:l)  chromaticity  in  wder  to  avoid  the  msO 
head-tail  instability.  For  a  chromatidty  of  Q’s:2  or  higher, 
the  vertical  m=:-l  mode  becomes  unstable  before  the 
transverse-raode-coupling  threshold  is  readied.  Due  to 
eddy  currents,  the  chromaticity  is  hard  to  control  to  a  pre¬ 
cision  better  than  ±1  at  the  start  of  the  ramp.  Hence  it 
was  important  to  determine  the  growth  rate  of  the  m=-l 
mode  as  a  function  of  bunch  length. 

The  experiment  was  performed  in  two  steps.  For  each 
bunch  length  (the  bunch  length  was  varied  using  wigglers) 
the  single  particle  damping  time  was  measured.  A  bunch 
with  very  low  intensity  (50  ftA)  was  used  and  the  chro¬ 
maticity  was  rigorously  set  to  sero.  In  this  way  any  Lan¬ 
dau  damping  or  space  charge  effects  could  be  ignored.  We 
then  measured  the  response  of  the  beam  to  an  exdtatkm 
with  a  single  frequency  that  was  swept  trough  the  betatron 
frequency.  Firom  the  width  of  the  response  we  could  deter¬ 
mine  the  damping  time.  Then  the  chromaticity  was  set  to 
-i-4  and  the  intensity  was  slowly  increased  until  the  m=-l 
mode  became  unstable.  In  this  way  we  could  determine 
the  intensity  at  which  the  m=-l  growth  rate  was  eqtuJ  to 
the  measured  damping  time. 

Assuming  a  linear  dependence  of  the  growth  rate  on  in¬ 
tensity,  we  could  normalize  the  measured  growth  rates  to 
a  fixed  intensity  of  250/iA  per  bunch,  for  which  current 
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tlw  eaiewlatiou  bid  b«ai  done  with  the  LEP  impedance 
modal.  The  meneiuemente  and  calculationa  are  compared 
in  1^.1. 


rv.  Transverse  Mode  Coupling 
Threshold 

At  20  GeV,  the  current  in  LEP  is  limited  by  the  vertical 
traas«etae.mode-cottpling  instability.  For  the  nominal  syn- 
dnotron  tune  Q,  of  .083  and  a  bunch  length  Ot  of  20mm, 
this  instability  occurs  at  640/iA  per  bunch.  The  closest 
approach  between  the  m=>l  and  m=0  modes  then  equals 
dmut  0.022, e  before  they  merge  into  a  broad  peak.  With 
a  of  0.04,  the  two  inodes  could  approach  each  other 
down  to  a  tune  difference  of  0.006. 

We  also  did  measurements  on  the  lattice  that  is  going  to 
be  used  during  1993  (90/60  degrees).  The  vertical  TMC 
threshold  in  this  lattice  was  found  to  be  slightly  lower  than 
in  the  1992  lattice  (90/90  degrees).  The  smallest  tune  ap¬ 
proach  of  the  m=-l  and  m=0  modes  was  0.025,  and  the 
maximum  current  of  600pA  per  bunch.  This  is  in  agree¬ 
ment  with  the  predictions  of  the  LEP  impedance  model  as 
riiown  in  fig.2. 


V.  Energy  Loss  per  Turn 


The  resistive  part  of  the  longitudinal  impedance  Zr{u) 
leads  to  an  energy  loss  Upm  por  turn  for  each  particle  in  a 
bunch.  It  is  given  by  the  integral  over  the  impedance  times 
spectral  power  of  the  bunch  current.  The  latter  is  usually 
close  to  a  Gaussian  with  a  width  determined  by  the  bunch 
length  fff  This  energy  loss  normalised  by  the  bunch  charge 
gives  the  parasitic  mode  loss  parameter  kpm  =  Upmht-  It 
was  measured  by  observing  the  change  of  the  synchronous 
phase  angle  as  a  function  of  bunch  current  /».  A  first 
method  uses  a  streak  camera  with  a  trigger  derived  from 
the  RF-system  and  gives  the  bunch  position  in  time  and 
its  width[5].  In  a  second  method,  the  bunch  signal  ob¬ 
served  with  an  intensity  monitor  is  filtered  at  a  revolution 
harmonics  and  compared  to  a  corresponding  signal  derived 
directly  from  the  RF-system,  [6]  To  gain  in  sensitivity  this 
was  done  at  a  high  frequency  of  1  GHz.  Such  a  measure¬ 
ment  is  shown  in  Fig.  3  where  the  change  in  synchronous 
phase  (referred  to  the  RF-frequency  of  352  MHz)  and  the 
bunch  length  are  plotted  against  the  bunch  current  The 
parasitic  mode  loss  factor  is  obtained  from  the  slope  of 
the  phase  change.  A  set  of  five  measurements  was  carried 
out  with  different  values  for  the  bunch  length  as  controlled 
by  the  polarization  (PW)  and  the  damping  (DW)  wigglers 
of  LEP.  For  the  analysis  we  considered  only  bunches  with 
currents  below  the  turbulent  threshold  which  have  Gaus¬ 
sian  form.  The  results  summarized  in  Fig.  4  show  the 
dependence  of  the  mode  loss  factor  kpm  on  a,.  It  can  be 


fitted  by  a  power  law  of  the  form  kpm  oc 


Figure  4;  Parasitic  mode  loss  parameter  vs.  bunch 
length;  fit:  kpm  [V/pq=10070  « [mm] 


VI.  Conclusions 

The  LEP  impedance  model,  consisting  of  2  broad-band 
resonators  for  the  copper  RF  cavities  and  the  shielded  bel¬ 
lows,  is  sufficient  to  explain  the  measured  behaviou.  ... 
single  bunch  stability. 
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INTRODUCTION 

A  longitudinal,  single  bunch  instability  is  observed  in 
the  damping  rings  of  the  Stanford  Linear  Collider  (SLC).[1] 
Beyond  a  thireshold  bunch  population  of  3  x  10^**  particles 
the  bunch  energy  spread  increases  and  a  "saw-tooth”  vari¬ 
ation  in  bunch  len^h  and  synchronous  phase  as  functions 
of  time  is  observed.  Although  the  relative  amplitude  of 
the  saw-tooth  variation  is  small-only  on  the  order  of  10%^ 
the  resulting  unpredictability  of  the  beam  properties  in  the 
rest  of  the  SLC  accelerator  makes  it  difficult,  if  not  impos¬ 
sible,  to  <^rate  the  machine  above  the  threshold  current. 
An  additional  problem  at  higher  currents  is  that  the  bunch 
length  is  greatly  increased:  according  to  earlier  measure¬ 
ments  the  rms  length  is  increased  by  60%  at  3  x  10^'’.[2] 
When  the  bunch  is  very  long  in  the  riitg  it  becomes  difficult 
or  impossible  to  properly  compress  it  after  extraction.  We 
want  to  solve  both  of  these  problems  so  that  the  SLC  can 
run  at  higher  currents  to  increase  the  luminosity.  In  or¬ 
der  to  solve  these  problons  the  vacuum  chambers  of  both 
damping  rings  are  being  rebuilt  with  the  aim  of  reducing 
their  impedance.  [3] 

According  to  previous  calculations  the  impedance  of 
the  SLC  damping  rings  is  dominated  by  the  many  small 
discontinuities  that  are  located  in  the  so-called  QD  and 
QF  vacuum  chamber  segments — elements  such  as  transi¬ 
tions,  masks,  bellows — that  are  inductive  to  the  beam.[4] 
Since  these  earlier  calculations  were  performed  the  bellows 
of  the  QD  segments  have  been  sleeved,  yielding  a  factor 
of  2  increase  in  the  instability  threshold.[l]  In  this  p^er 
we  begin  by  discussing  the  guns  that  mi|^t  be  achieved 
if  we  can  r^uce  the  impedance  of  the  rings  even  further. 
Then  we  estimate  the  effect  on  the  total  impedance  of  the 
actual  design  changes  that  are  being  propel.  Three  im¬ 
portant  elements — ^the  bend-to-quad  transitions,  the  dis¬ 
tributed  ion  pump  slots,  and  the  beam  position  monitor 
(|BPM)  electrodes  are  fully  3-dimen8ional  and  will  be  stud¬ 
ied  using  T3  of  the  MAFIA  computer  progrsm8.[S] 

EXPECTED  GAINS 

Since  the  QD  and  QF  vacuum  chiunber  segments  are 
the  dominant  contributors  to  the  impedance  of  the  damp¬ 
ing  rings  the  main  effort  of  the  redesign  project  is  being  ap¬ 
plied  to  reducing  their  contributions  to  a  negligible  quan¬ 
tity.  The  vertical  profile  of  the  QD  and  QF  segments  are 
shown  in  Fig.  !•  In  the  QD  segments,  for  example,  we 
find  a  bend-to-quad  transition  (2),  a  BPM  (3),  a  bellows 
[now  sleeved]  (4),  a  serf  gasket  (5),  a  synchrotron  radiation 
mask  (6),  and  a  transition  to  the  next  bend  (7).  Both  types 
are  cylindrically  symmetric  except  for  the  transitions  and 
the  BPM  electrodes.  Both  segment  types  are  repeated  20 
times  in  the  ring.  Also  being  r^esign^  ue  the  distributed 
ion  pump  slots  in  the  bend  chambers,  and  the  kicker  bel- 
lows  will  be  sleeved. 

★Work  supported  by  Department  of  Energy  contract  DE- 
AC03-76SF00515. 


Fig.  1.  The  vertical  profile  of  a  QD  segment  (top) 
and  a  QF  segment  (bottom).  Non-cylindrically 
symmetric  objects  ate  given  by  dashes. 


Tracking  simulations  have  been  performed  before  to 
obtain  the  bunch  shiqies  and  instability  threshold  for  the 
current  damping  rings.  [6]  The  Green  function  wake  needed 
for  these  calculations  was  obtained  in  the  following  man¬ 
ner:  The  Wakefield  for  a  short  bunch  passing  through 
a  cylindrically  symmetric  approximation  to  the  QD  and 
QF  segments  was  carefully  calculated  numetically.[4]  Com¬ 
bining  these  results  with  the  Wakefields  for  otW  ring 
objects — such  as  the  rf  cavities,  kicker  bellows,  straight 
section  BPM’s,  etc. — a  wakefield  representing  the  entire 
ring  was  obtained.  To  see  what  might  be  gained  from 
the  rebuilt  vacuum  chamber  we  have  repeated  the  track¬ 
ing  simulations,  at  the  nominal  peak  volitq^e  of  0.8  MV, 
but  with  a  wakefield  that  does  not  include  the  contribu¬ 
tions  of  the  QD/QF  segments  nor  of  the  kicker  bellows. 

The  instability  threshold  obtained  from  the  simula¬ 
tions  is  compared  with  other  calculations  and  measure¬ 
ments  in  Table  1  (Note:  by  "old  ring”  we  mean  the  ring 
before  the  QD  bellows  were  sleeved).  We  see  that  the  esd- 
culated  threshold  is  a  factor  of  2.5  higher  for  the  improved 
ring  than  for  the  present  one.  In  Fig.  2  we  plot  the  rms 
bunch  length  (r,  obtained  by  the  simulations  for  the  im¬ 
proved  ring  (the  solid  line)  and  for  the  current  ring  (the 
dashes).  We  see  that  at  3  x  10^°  the  bunch  length  increase 
for  the  improved  ring  is  only  10%,  instead  of  the  60%  for 
the  current  ring. 

Version _ Calculated  Measured 

Old  ring  1.1  x  lO^^p]  1.5  x  10‘“[2] 

Present  ring  2.0  x  10^“t6]  3.0  x  10^‘’[l] 

Improved  ring  4.8  x  10*° 

Table  1.  The  calculated  and  measured 
thresholds  currents  for  different  ring  ver¬ 
sions. 

What  evidence  do  we  have  that  we  can  believe  in  the 
simulation  results?  Drom  Table  1  we  see  that  sdthough  the 
absolute  threshold  values  as  calculated  are  30%  lower  than 
the  measured  ones,  the  relative  improvement  in  the  present 
and  old  ring  results  of  the  calculations  matches  that  of  the 
measurements.  In  addition,  the  bunch  shape  calculations 
for  the  old  ring  were  found  to  be  in  very  good  agreement 
with  the  measurements.  [7] 
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QD/QF  segment  impedance  is  made  negligible 
and  the  kidier  bellmn  am  sleeved. 

IMPEDANCE  REDUCTION 
The  SLC  damping  ring  impedance  is  very  inductive 
at  the  typical  rms  bunch  kmgth  Ot  2  0.5  cm.  In  Table  2, 
we  reproduce  a  list  from  Ref.  4  of  the  approximate  con¬ 
tributions  at  low  frequency  of  the  important  inductive  el¬ 
ements  to  the  impedance  of  the  old  ring.  (The  “Factor” 
in  the  table  represents  an  asimuthal  fillip  factor,  used  in 
the  calculation  of  of  non-cylindrically  symmetric  objects; 
N  ipves  the  number  of  objects.)  The  only  difference  in 
the  current  ring  is  that  the  QD  bellows  c<mtribution  has 
been  eliminated  by  their  sleeving;  therefore,  the  total  now 
is  about  38  nH.  Since  the  ring  circumference  is  35  m  the 
quantity  |ff/n|  is  2.0  O.  Hiis  ^ould  be  ccunpaied  with  the 
impedance  of  the  rf  cavities,  which  is  resi8tive/eiq>acitive  to 
the  bunch  and  contributes  approximately  \Zfn\  s  0.44  O. 
One  must  be  aware  that  Table  2  is  an  q>proximation  to 
be  used  only  as  a  rough  guide.  Note,  for  example,  that 
the  QD  bellows  contribute  only  25%  of  the  Table  2  total, 
whereas  the  calculated  threshold  increased  by  80%  when 
they  were  eliminated  from  the  simulations. 


Ring  element 

I(nH) 

dnxle 

Factor 

N 

L(nH) 

total 

QD  bellows 

0.62 

1.0 

20 

12.5 

QD  Sc  QF  masks 

0.47 

1.0 

20 

9.5 

Trandtions 

0.26 

0.9 

40 

9.3 

Ion  pump  slots 

1.32 

0.1 

40 

5.3 

Kidm  b^ows 

2.03 

1.0 

2 

4.1 

Fl«t  joints 

0.18 

1.0 

20 

3.6 

1”BPM  transitions 

0.10 

0.8 

40 

3.3 

Other 

2.4 

Total  50.0 

Thble  2.  The  contribution  to  the  impedance  of  the 
old  ring  of  the  major  inductive  elements. 


From  Table  2  it  is  clear  that  there  are  many  objects 
that  contribute  to  the  impedance,  and  completely  new  ver¬ 
sions  of  the  QD  and  QF  vacuum  chamber  segments  will  be 
required  for  their  contribution  to  become  negligible.  Un¬ 
fortunately,  there  are  many  practical  reasons  why  these 
segments  cannot  just  be  repla^  by  simple  smooth  tubes. 
For  ocample,  bellows  are  needed  in  a  ring  so  that  the  whole 
vacuum  diamber  can  be  assembled.  The  impedance  of  the 
bdlows  can  be  reduced  by  sleeving,  but  then  masks  are 
needed  to  protect  the  sleeves  from  synchrotron  radiation. 
More  specific  to  SLAG,  the  bend  vacuum  chambers  have 
a  rather  rectangular  cross-section  whereas  the  quad  cham¬ 


bers  are  circular;  therefore  transitknis  are  required.  This 
situation  cannot  be  changed  without  horcMC  effi»ts,  such  as 
rebuilding  the  bend  ma^ets.  Finally,  t^lacing  our  dec- 
trode  and  cavity  type  of  BPM’s  the  butt<»s  type  would 
also  require  a  inio<v  effort  that  will  not  be  done  now. 

Tlw  m^or  changes  to  the  damping  rings  will  be:[3] 
the  number  QD  bellows  will  be  reduced  to  12,  and 
thdr  deeves  will  include  a  1.5  mm  stq>  (for  protection 
against  synchtofron  radiation);  the  QD/QF  madu  will 
be  removed,  the  bend-to-quad  trandti<Mis  will  be  tspered 
more  gently,  the  distributed  ion  pumping  slots  will  be  nar¬ 
rowed,  the  l^RPM  trandtions  will  be  removed,  and  the 
flex  joints,  the  serf  gaskets,  and  the  kicker  bellows  will  all 
be  deeved. 


IMPEDANCE  CALCULATIONS 
To  estimate  the  impedance  of  an  inductive  element 
we  first  find  the  wakefield  for  a  gansdan  bunch  of  typical 
length  numerically  using  a  time  domain  MAFIA  program 
(T2  or  T3).  If  the  element  is  inductive  the  wake  will  be 
dmilar  to  the  derivative  of  a  gausdan.  Fitting  to  W  = 
—Ldlfdt,  with  W  the  wake  and  /  the  bunch  shq>e,  we 
obtain  the  inductance  L.  For  scune  simple  objects — such 
as  a  small  cavity,  shallow  iris,  shdlow  trandtions,  small 
hole  in  the  beam  tube — analytical  formulas  ate  known  and 
can  be  used.[4,8] 

For  3-dimendonal  objects  T3  was  used  to  obtain  the 
impedance  (Note:  <r,  =  1  cm): 

The  Bend-to-Quad  Tkandtions 


SECTION 

Fig.  3.  The  new  bend-to-quad  trandtion. 


The  change  from  the  bend  to  the  quad  chamber  re¬ 
quires  a  trandtion  from  a  rather  rectangular  cross-section 
to  a  circular  one.  Presently  the  angle  of  trandtion  is 
roughly  45  *.  An  q>proximate  formula  that  can  be  used  for 
a  pair  of  shallow,  cylindrically  symmetric  transitions  is[4] 

1/2 

(1) 


/28Y 

2jrc  6*  V  *■  / 


with  Zo  =  377  D,  c  the  speed  of  light,  a  and  b,  respectively, 
the  small  and  large  radius,  A  =  6  —  a,  and  ff  the  transition 
angle. 

A  solution  that  has  a  very  shallow  angle  in  y  (3.5°) 
and  no  transitior  in  x  is  sket^ed  in  Fig.  3.  The  result¬ 
ing  Wakefield  is  inductive,  with  L  =  0.05  nH  per  transition 
pdr,  or  L  =  2  nH  for  all  40  transition  pairs.  Note  that  us¬ 
ing  Eq.  (1)  with  the  vertical  dimendons,  and  then  dividing 
the  result  by  2,  we  get  the  same  answer. 
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Tke  fiiitriiwtMl  bo  PumjNof  Slote  «ad  the  BPii’a 

Fbv  a  bwc,  OMtonr,  kngituduwl  slot  ««  caqMwt  the 
beMU  to  iirtmct  only  with  tbs  aide.  Ihe  impedance  will 
be  indnetive  Mid  we  expect  it  to  be  jpven  by  tlM  impedance 
of  a  hole  with  radiue  re  s  re/2,  with  re  the  width  of  the 
4ot,  thnee  a&etor  a  on  the  ocdi»  of  1.  The  inductance  of 
a  h^  in  a  nnmd  chamber  is  given  by[8] 

with  A  the  diambM  radius.  F<»  a  hole  deeper  than  ro/2 
the  above  result  is  multiplied  by  0.b7.f9] 

We  have  run  T3  ^  de^,  longitudinal  slots  in  a 
round  pipe,  for  different  slot  lengths  t.  We  have  chosen 
tv  =  1.5  mm  and  6  s  10  mm.  Fig.  4  gives  the  ratio  of 
the  nmnerical  result  to  the  analytic  solution  for  a  deep, 
round  hole  with  rs  =  tv/2,  Lo,  for  slots  with  squared  ends 
(the  diamonds)  and  also  for  dots  with  rounded  ends  (the 
crosses).  We  see  that  the  impedance  Miproaches  a  constant 
value  when  the  length  of  the  slot  is  1-2  times  its  width,  and 
that  the  assjrmptotic  value  for  a  slot  with  rounded  ends  is 
only  2/3  that  <ff  one  with  squared  ends.  Thus  tapering  the 
Midi  the  slots  helps.  Fig.  5  shows  the  Wakefield  for  a  long 
slot  Qaiuated  ends).  It  can  be  seen  that  the  impedance  is 
very  inductive  (bunch  center  is  at  s  =  0.05  m). 


Fig.  4.  The  inductance  of  a  slot;  tv  =  1.5  mm. 


The  distributed  ion  pumping  slots  of  the  damping 
rings  are  located  in  the  bend  chambers.  They  are  very 
long,  have  a  width  tv  =  5  mm,  and  are  located  11  mm 
(in  x)  firom  the  beam  path;  5  mm  beyond  the  slots  are 
the  pump  electrodes.  The  slots  have  squared  ends  and  ace 
deep.  From  the  foregoing  (taking  a  =  1.75)  we  estimate 
each  slot  to  contribute  0.005  nH,  and  all  40  to  contribute 
0.2  nH  to  the  ring  impedance.  According  to  this  calcula¬ 
tion  the  entry  for  ion  pump  slots  in  Tbble  2  is  greatly  over¬ 
estimated.  In  the  new  vacuum  chamber  each  of  the  cur¬ 
rent  slots  will  be  replaced  by  3  slots:  one  with  tv  =  3  mm 
and  two  with  tv  =  1.5  mm.  For  the  new  slots,  mununing 
th^  are  deep  and  have  squared  ends,  the  total  impedance 
cemtribution  is  0.03  nH. 

A  BPM  consists  of  four  symmetrically  spaced  elec¬ 
trodes  separated  by  gaps  of  3.7  mm.  At  one  end  of  the 
electrodes  there  is  a  0.15  mm  gap  (small  Miough  so  that  its 
impedance  can  be  neglected).  Radially  reaching  4.5  mm 
beyond  the  electrodes  is  a  cavity.  Currently  the  BPM’s 
are  set  back  2  mm  by  means  of  a  pair  of  45*  transitions. 
These  tranntions  will  be  removed.  The  new  BPM’s  appear 
to  the  beam  as  4  deep  slots  with  squared  ends  in  a  round 
tube  of  radius  11  mm.  The  MAFIA  mesh  of  1/4  of  a  BPM 
is  shown  in  Fig.  6.  FVom  a  T3  simulation  we  find  that  to  a 


•  (») 

Fig.  5.  The  wakefield  of  a  slot  (squared  ends) 
with  width  1.5  mm  and  length  8  mm;  =  1  cm. 


1  cm  bunch  the  BPM  is  inductive  with  L  =  0.0042  nH  for 
each  BPM,  ot  L  =  0.17  nH  for  the  entire  ring.  The  above 
analytical  method  yields  the  same  answer. 


Fig.  6.  MAFIA  mesh  for  the  BPM. 


CONCLUSION 

With  the  new  vacuum  chamber  we  can  expect  to  re¬ 
duce  the  impedance  of  the  inductive  dements  firom  a  cur¬ 
rent  total  of  about  33  nH  to  about  5  nH,  or  |Z/n|  from 
1.75  (2  to  about  0.25  0.  The  ring  should  become  resis¬ 
tive,  the  bunch  lenthening  will  decrease,  and  the  instabil¬ 
ity  threshold  should  increase  significantly. 
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Broadband  Impedance  Azimuthaily  Symmetric 
Devices  in  RHIC* 


Vl)iiaM«ie 

Brookbavcn  Natiaail  Labontory,  l^Moo.  NY  11973,  USA 


Absttaa 

The  BWeractkio  between  the  bean  end  its  enviroameot 
kadt  10  bean  instabilities,  and  is  charactefiied  by  oonpling 
hapednoe,  The  loogitnBud  ooiqilfaig  imprdanre,  of  some 
RHIC  deidoes  win  nzhnallial  symmeiry  socb  as  bdlows, 
MBsitioii.  gate  vdve  and  coilhnatnr  have  been 
nanedcafly  nshig  die  time  domain  code  IBCI  [1].  The  objec¬ 
tive  is  tt>  fceqi  the  braadband  impedance  bdow  a  tfareshold  so 
that  it  satisfies  the  microwave  stability  criteria  (2];  and  mrice 
ante  there  is  no  ocatfribadon  to  nairowband  impedance  from 
any  of  these  stractnres. 

I.  DETERMINING  COUPLING  IMPEDANCE 

Let  W(0  is  the  waloepotential  of  a  S-funcdon  chaige.  The 
conplhig  impedance  is  given  by  P] 

2(«) 

The  broadband  impedance  bas  been  cakulated  in  time 
domain,  as  the  exdied  wakefields  decay  in  a  short  time.  The 
caicniations  are  done  for  a  Gaussian  chaige  distributkn  tra¬ 
versing  a  cavity  with  fi  =  1,  perfecdy  conducting  walls  and 
moncpole  mode  (ntaQ).  The  wakqxMential  is  obtained  as  a 
lonctioo  of  distance  behind  the  leading  cbaige.  The  iiqiedanoe 
is  given  by  the  Fonrier  Transfonn  of  die  wakepotendal  (fivided 
by  the  Fourier  Ttansfonn  of  the  dhaige  ^stribudon. 

n.  IMPEDANCE  OF  RHIC  DEVICES 

In  RHIC,  there  is  transidoo  in  pipe  radius  fipom  3.5  cmm 
the  cold  region  to  6  cm  in  the  wann  regioo.  The  cuU^  fre¬ 
quency  of  the  3.5  cm  pipe  is  3.3  GHz  mid  that  of  the  6  cm  pipe 
is  1.9  GHz.  There  are  bellows  in  the  cold  and  the  wann  r^oos 
and  gale  valves  in  the  wann  regkm.  The  results  of  numerical 
cfdcoladons,  for  transidons,  gate  valves,  bellows  and  a 
dictdar  coHimator  are  given  below.  The  o  of  the 
pulse  is  5  mm  for  the  bellows  and  arilimaior,  mid  4  cm  for  the 
pqie  transition  and  gale  valve,  o  =  lOAz  for  afi  the  calcula¬ 
tions.  The  collimator  calculation  was  also  verified  for 
o  =  20Az.  The  results  are  valid  upto  a  frequency  of  c/(2o) 


*  Vbck  si^parted  by  the  U.S.  Department  of  Energy 


A  Pipe  TransUiOH 

The  changes  rafius  firom  3.5  cm  to  6  cm  over  a 
lei^  of  5  cm.  Hgnre  1  gives  a  plot  of  the  wakqxNendri  and 
inqiftdanre.  The  impedance  has  resistive  and  inducrivecompo- 
neols  at  low  frequencies.  The  indoctance  is  1  henry. 

The  resistance  is  31  ohm.  There  is  a  shaqijunqi  near  1.9  OIz, 
the  TMoi  of  tlic  cm  pipe.  Above  1.9  Ugber  order 

modes  of  the  6  cm  pipe  give  broad  hnpedanoe  as  energy  is 
radiaied  into  the  pipe. 


Hgurel.  P^lhmrition.WricqKitential  and  impedance 


The  gale  valve  is  a  rectangular  cavity  and  is  ^ipraxi- 
mated  by  a  cylindrical  cavity  of  the  sanw.  vtdnme.  The 
radius  is  6  cm,  cavity  radius  is  9.9  cm  and  the  length  the  cav¬ 
ity  is  4.2  cm.  Hgure  2  gives  a  plot  of  the  wakqxNeotial  and 
impedance.  It  shows  one  resonance  bdow  cuti^  at  1.38  GHz 
with  infinite  R  and  Q.  as  perfectly  conducting  walls  are 
assumed.  The  Q  will  be  finite  when  the  finite  conductivity  of 


B.  Gate  Valve 
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«lBd  to  liken  fano  accoont  The  cakailarion  was  verified  ■ 
qmcy  donaia  wUi  Sopecliaii.  gMag  a  anode  at  137  (9Iz. 
Tl»  fate  valves  wiD  be  shielded,  in  aider  to  avoid  coiqiled 
bnchiasidbUitks. 


FraqiMncy,  GHz 


Figure  2.  Gale  Vdve,  Wdcqioteaiial  and  loqiedanoe 

C  Bellows 

Hie  parameiefs  of  the  bellows  are  its  total  lei^  (1). 
number  of  conugaiioas  (N)  and  the  depth  of  the  oonragatioo 
(A) .  Ibe  bdlows  show  a  broad  resonance  at  fiequeiK7  which 
is  a  Strang  functioa  of  the  depth  of  the  oonugadon.  The  imped¬ 
ance  was  calculmed  fitom  the  wakqKNendal  and  fitted  to  a  res¬ 
onator  reqxmse  of  the  foon 

Z(«i>)  = - - - —  vdiere  R  is  the  shunt  impedance,  Q 

is  the  quali^  factor  and  is  the  resonance  fitequency. 

Hgure  3  shows  wakepotential  and  inqiedanoe  of  33  cm 
bellows  with  A  =  1  cm.lslScmandN=30.11iereisa 
resonance  at  4.7  GHz  with  R  s  850,  Q  7  and  RAQ  s  121.  As 
the  depth  A  is  decreased  to  03  cm,  ^  resonance  firequency 
increases  to  7  GHz  with  R  =  34SO.Qs  33  and  R/Q«  112. 

R  (l  1 

Q-  and/r  =  both  L  and  C  have  decreased  by  a 


fiKtor  of  13  and  4  has  increased  by  a  fiKtor  of  13  keqiiag  R/ 

For  the  33  cm  bellows  With  A  «  1  cm,  the  resonance  at 
4.7  GHz  is  dtove  the  p^  cutoff  of  33  eSHz.  If  A  is  increased 
to  sqr  13  cm.  there  wiQ  be  resonance  mid  very  huge  inqied- 
anoe  around  3  GHz.  Hierefore  A  should  be  kept  below  1  cm. 

Hie  6  cm  bellows  with  A  »  i  cm.  Is  is  cm  and  Ns  30 
show  resonance  at  3.6  GHz,  wkhQs  2.5  and  Rs  170.  Hie  res¬ 
onance  fiequency  is  tbove  the  cutoff  frequency.  Hreefore  for 
the  6  cm  bdlows  as  wdl,  A  should  be  below  1  cm. 

Hie  foDowiog  empirical  relation  saiistol  by  the  reso¬ 
nance  frequency  agrees  with  that  in  [4]. 


2%  '^a'  '■y 


FraquanWtt^ 


Figure  3.  Bellows,  Wakepotential  and  Inqiedance 
D.  Collimator 

The  impedance  and  wal^)Ot»tial  of  a  chcidar  ctfilima- 
tor  with  radius  1  cm.  length  SO  cm  sod  beam  p^  radios  33 
cm  was  determined.  Bgore  4  gives  a  plot  of  its  wakepotential 
and  impedance.  Hie  impedance  is  similar  to  that  ttf  the  pipe 
transition.  At  low  frequencies  there  is  an  inductive  response, 
with  inductance  8.6xio'^  heniy.  At  33  GHz,  there  is  a  reso¬ 
nance  due  to  the  IMqi  of  the  33  cm  pqie.  A  We  the  33  GHz 
there  is  broad  impedance  due  to  the  hi^  modes  of  the 

3.S  cm  pipe. 
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F«»qu»ney.<SHz 


Hgare4.  CoIfiiiMHior.  Wakepotential  and 

m.  CONCLUSION 

satisfy  the  naicrowave  stabili^  criteria,  tbe 
tnmlMnd  impedance  sbould  be  below  a  tfiresboU,  vpio  33 
C9b.  Of  the  above  mentioned  structures,  theiayat^i^wHribB- 
don  to  broatft^inqiedanoe,  conies  fipom  the  bellows.  In 
don  beam  posidon  monitofs.  waU  tesistaocc  and  injecdon  tnd 
oMtacdon  Metets  also  contribute  to  the  iiiwaHh5qi«}  impaHjin^ 
The  kkkcfs  would  also  have  resonmoes  which  have  to  be 
detmnined. 
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Software  Devdopemeat  with  Two  Port  Calibration  Tecliniqiies 
for  RHIC  Impedance  Measuronents* 

vate  Maw  aid  Tbm  Sha 
BrooUiMa  Nak»a  LjboiaoKy,  NY  11973 


Abaraa 

Tbe  ooopliog  iiniedance  of  axdemor  devices  is  mea- 
sored  by  ataulatiiig  the  beam  Witt  a  central  wire  aid  measur¬ 
ing  We  scattering  paraaeien  of  ibe  systeoi.  The  wire  p^ie 
system  fonns  a  misinarcb  with  the  50  ohm  traBsmission  line. 
An  Integnted  software  eavtaonineni  has  been  devdofied  in 
LabVlEW,  for  the  Madatash.  Hie  pagnm  measnres  the  sca- 
lering  panmetecs  of  some  kaown  standards,  deiennines  tbe 
conect  scattering  parameters  of  a  device  using  TRLcalibcatioo 
tedmiqiie  and  gires  the  impedance  of  the  device.  la  perfor¬ 
mance  bas  been  tested  for  some  known  microwave  devices. 

LINTRODUCnON 

The  Tbni-Reflea-Line  (TRL)  algorithm  deembeds  tbe 
scattering  paraneien  and  hence  the  impedance  of  a  Device 
Under  Test  (PUT).  A  LabVIEW  prognan  widi  user  intetfoce  is 
written  to  hnptowent  this  algoridun.  The  prognm  acquires 
data  from  HP^53  Networic  Analyzer  via  (HTB  bos,  or  reads  k 
fiom  a  fie,  and  obtains  tbe  impedance  of  a  device  friaced 
between  mismatched  ports.  The  algorkhm  is  rqirodnoed  here 
D1,P1;  and  the  implementatioo  is  desafted  in  detail 

Tbe  nomdeal  port  at  each  end  of  tbe  two-poct  DUT  is 
modded  by  an  ideal  port  in  cascade  with  an  error  box  [Figure 
1].  The  scattering  parameters  are  measured  for  ifaree  known 
cowfitioiis  between  tbe  measurement  idanes  Ml  and  M2,  uring 
the  Network  Aialyzer.  Tbe  scattering  parameters  of  the  Enor 
Boxes  A  and  B  are  then  detennmed,  and  the  scattering  parame¬ 
ter  and  tbe  inqiedance  of  die  DUT  is  calculated. 


n.  SCATTERING  PARAMETERS  AND 
IMPEDANCE 

Tbe  scattering  parameters  of  a  microwave  network  give 
the  relationship  between  tbe  incident  wares  tmd  the  reflected 
waves  at  its  icnninalsPl. 

|*i|  ,  pit  ^u|  pij 

a|.  a2  are  the  inddent  waves;  bi.  b2  me  the  reflected  waves; 

S  B  is  die  Scattering  Matrix 

Also  defined  is  the  iransmissian  matrix  vriikfa  gives  tbe 
reiatkmship  between  tbe  input  quantities  id  the  oaqMitquanti- 
des.  This  is  nseftil  when  two  ports  ate  oonoected  in  cttcade, 
because  the  ttansmisrion  matrix  of  the  cascaded  ports  is  equal 
to  die  product  of  die  tnmsmisrion  mttrix  of  each  port 


ForthemeasnreiaeatofdielongitndiiialcoBpiinginqted- 
anoe  of  accelerator  devices,  the  beam  is  shnnfcaed  by  a  conent 
in  a  wire  ptaoed  at  the  axis  of  the  p^  The  kx^tut&md  imped- 
anoe  is  given  by  [4] 


Rgnrel.  Model  for  TWO  Pott  Calibtatkm,  with  mismatcbesiqxeseiited  by  error  boxes. 


*  Wxk  nvpotted  by  (be  U.S.  DepKtmeot  of  Energy 
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ym 


*'•*"“*'  S^iDVT) 

wboe  S21(rI)  it  Ike  scMcri^ 
nplMed  by  e  lefBROoe  ZO  it  Ike 
tooe  of  Ike  p^  wire  tyttCB. 


Select  t  ted  b  tuck  tliat  U  >  M. 


SinuitrtyforiyMB 


wkh  DUT 
Kic  inped* 


m.  PROGRAM  ALGORTTHM 

A.  Meaaumems 

The  tcenering  perameiegt  betweeo  the  meesuremeot 
pltoet  MI  tad  M2  tie  taeeiiBed  for  Ike  followiag  four  cases: 

(9  Him  MeatareoMni:  Ike  measareflKDt  pltoet  Ml  tod  M2 
— t  aiMi  all  tha  S  pnru^^ffg  p^HIHgedi 

00  Reflea  Meatoreoieoc  A  reflective  foed  of  wdciiowB  reflec- 
don  OOefficieBt  r  at  Iha  plan^.  Ml 

tndSii  it  meetnwd.  The  reflective  loedh  connected  ttmet- 
tuemeat  plane  M2  tnd  S22  it  meatored. 

OiO  Line  (Delay)  Meaturemeac  A  nonreflectiiig  transinitsioa 
line  ofartteary  length  it  connected  between  Ml  aid  M2  Md 
Ike  S  panneiert  are  aDeasared. 

Ov)  Device  Measuremoit:  Ike  device  is  plaoed  between  the 
measarement  pfamec  Ml  and  M2,  and  die  S  patameiea  are 
meatored. 

B.  DetennaUng  Enor  Matrices 

Ike  trananitsioo  matriors  and  Jt,  of  die  error  ports 
A  and  B  are  deiennnied  at  follows: 


RfKfi  «  Mfig  vtoe  Rff  s  R^' 


gT  ^  p«u 

Solve  fore  and  d. 


L*a  "d 


(atjj-w,,) 

^  * - sr: - ± . 


Select  c  and  d  sack  that  Id  >  kfl. 

Ike  reflection  ooeffideat  r  is  detetmined  as  folfows 
Fort  A  ooimectBd  10  the  load. 


I  r(a-w,) 

(«-k)  (w,-b) 


W|gS»  when  Port  A  is  connected  to  the  reflective  load,  Tis 
the  reflection  ooefikient  of  the  load. 

Abo  for  a  reciprocal  network  IRaI  » 1  gives 


Af  b  the  transmisskn  matrix  obtained  from  die  thro  measore- 

iwnt 

Rp  ®  O 

A|,  is  the  transmissioo  matrix  obtained  from  the  line  measure- 


delay  line. 

Rom  (1)  and  (2) 

*jr*A  “ 


where  Ajf  s  RpEr 


the  transmission  matrix  of  the  nonreflecting 


For  Fort  A  vvite 


Solve  for  a  and  b. 


=  h>  -u] 

1^1  "*22! 


(Wa-m,,)^  //maa-iii„Y  m,a 

2*21  V  V.  ^21  )  "*2I 


“  pia-b) 

With  Fort  B  oonnecied  to  the  load, 

I  r(w2+e) 

•!  ic-d){w2+d) 

W2  -  S22  when  Fort  B  b  oormected  to  the  reflective  load. 

For  the  reciprocal  network  B,  IR^I  B 1  gives 

_  1 
’’  ~  »(c-d) 

From  Aj.  B  R^Rg 


g  _  karc+pbsd  kar+pbs\ 
^  kre+psd  kr+psj 


Tkerefore 


^iir  - 


p*(^)  {a-b)b+a 
p*(f)(a-*)  +  l 


From  equations  (3),  (S)  and  (7) 
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(«*»-*)('»*  ♦‘0 
WlIT-*)  <’»*  -«>  <’'2  +  c) 

After  deieniteiBf  r,  pend  save  detenateed  from  eqaa* 
dons  0)  aad  (S^  k  mair  me  dmenaimid  from  (4)  and  (ti).  In 
dm  IkTO-SlMt^May  (TSD)  algoriiiiin,  r  k  aet  K> -1. 

Tke  aifi  ef  p.  k  and  i;  a  is  adected  Iqf  coavartag  the  dgn 
of  R^Rg  wUk  dmt  of  Rj.  The  dgp  of  r  fr  detemabied  by  know¬ 
ing  wketker  ft»  load  is  doser  to  a  abort  or  an  open. 

C  DtunuHiKg  the  Scattering  matrixes  the  device 

^MOUT  *  ^A^DVT^t 

RiiDin-  is  die  transmission  matrix  of  the  measmed  device. 
Rp^T  is  the  ttansmissioo  matrix  of  the  calibrated  device. 


D.  Length  of  delay 

Tbe  fiequmicies  at  which  the  lei^  ci  the  delay  ihie  is 
an  integer  multi^  of  half  wavelength.  Le. 


I  »  both  and  »  ±i; 


1  0| 
0  1 


at  these 


values.  Therefore,  at  these  frequencies,  measurements  from  the 
second  delay  are  used.  The  length  of  the  second  transmission 
One  should  not  be  a  midtiide  of  the  length  of  the  first 
transmission  line.  The  difference  between  the  diagonal 
elenaems  of  gives  a  criteria  for  switching  to  the  second 
delay. 


IV.  EXPERIMENTAL  RESULTS 

Measurements  were  done  with  a  400  MHz  filler  as  a 
device.  Tbe  device  is  connected  to  the  two  ports  of  the  Net¬ 
work  Analyzer  and  a  large  mismatch  is  placed  at  Pott  B.  Figure 
2  shows  tte  $21  parameter  of  the  uncaiibrated  device.  Rg  3 
shows  the  $21  parameter  of  the  device  obtained  from  the  dwve 
cdibcatioo  al^oriihin.  This  matches  with  $21  parameter  mea¬ 
sured  with  the  Network  Analyzer  and  no  misinatches  at  either 
Port  Tbe  Network  Analyzer  camot  in  general  give  the  desired 
accuracy;  as  it  requires  gating  of  the  mismatches  and  also 
requites  ptecisioo  standmds  (short,  open  and  matching  load) 
which  are  not  easy  to  co^iroct  for  a  p^  wire  system. 

The  above  described  software  will  he4>  measure  small 
impedances,  provided  tbe  transformer  from  tbe  SO  <4im  cable 
to  the  wire  p^  geometry  gives  sufficient  transmitted  signal. 
The  measurements  can  be  further  enhanced  usii%  attenuation 
pads.  Results  of  some  measuremoits  using  similar  algorithm 
are  described  in  [S]. 
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Abstract 

A  method  for  calculating  the  inq>edance  and  the  wake 
function  of  resistive  beam  pipes  is  given.  It  allows  an  ar¬ 
bitrary  sh^>e  the  crosssection,  and  arbitrary  location  of 
the  source  and  witness  particles,  including  the  short-range 
behavior  of  the  wake  function.  The  pipe  is  uniform  longitu¬ 
dinally  and  the  beam  is  assumed  to  be  ultra-relativistic.  A 
simple  ctnnputer  code  hss  been  written  using  the  boundary 
element  method.  Some  results  for  elliptical,  rectangular 
and  hyperbolic  pipes  are  presented. 

1.  METHOD  OF  COMPUTATION 

The  resistive  wall  impedance  has  been  a  topic  in  acceler¬ 
ator  physics  since  19€0’s  and  is  thought  to  be  well  known 
but,  in  fact,  it  calls  for  further  investigation  still  now  as  the 
recent  papers  show  [1,2, 3, 4,5].  The  aim  of  the  present  pa¬ 
per  is  to  give  a  method  of  computing  the  impedance/wake 
function  for  arbitrary  shape  ot  the  beam  pipe,  arbitrary  lo¬ 
cation  of  the  particles  including  the  short  range  behavior 
of  the  wake.  The  detail  of  our  method  is  described  in  [6]. 

A.  Assumptions  and  notation 

We  assume  a  longitudinally  uniform  pipe  and  an  ultra- 
relativistic  beam.  The  r-axis  is  parallel  to  the  pipe.  In  the 
i*<y)  plAoe,  the  vacuum  region  surrounded  by  the  wall  is 
denoted  by  Q.  The  coordinate  s  is  the  length  measured 
along  the  wall  surface  dD.  The  unit  normal  (outward  from 
(2)  and  tangential  vectors  at  s  are  denoted  by  m(s)  and 
r(s),  respectively,  and  the  unit  vector  along  r  by  Cj.  The 
source  and  the  witness  charge  (unit  charge)  are  located  at 
r,  =  (xtfj/t)  and  r«,  =  (xw, !/«,),  respectively.  All  the  field 
quantities  are  proportional  to  expi{kz  —  ut)  {k  =  u/e) 
because  of  the  longitudinal  uniformity. 

We  write  the  electric  and  magnetic  fields  as  E+  and 
H  +  where  the  superscript  (0)  denotes  solutions  for 
the  perfectly  conducting  wall  with  the  same  wall  shape. 
Since  the  transverse  Lorentz  force  F±  =  E±  +  Zo€tX  H 
satisfies  F±  =  —i/kVi_Ez,  all  the  needed  information  is 
obtained  from  Et . 

B.  Kircbboff  integral  formula 

Since  {E,H)  obeys  the  sourceless  Maxwell  equation,  it 
satisfies  the  Kirchhoff  integral  formula,  which,  when  the 
field  is  proportional  to  e**^*~‘*\  can  be  written  as 

E,(r)  =  jd»' [ik(E„  -  ZoHr)G  -  E,w!  ■  V^G] ,  (1) 

Ei.{r)  =  jdif[ik(r>ZiiH,-n'E,)G-En^\G-Er  e,xV'j.Gi, 

(2) 

Here,  §  is  the  integral  along  dQ  and  the  prime  refers  to 
the  quantities  evaluated  on  the  wall  at  s'.  The  function 


G  =  G(r,  r')  is  the  Green  functicm  satirfying  the  Laplace 
equation  Ai.G(r,  r')  s  — 5(r  —  r').  The  nmplest  choice  is 
G(r.r')  =  -(l/2x)loglr-r'l. 

The  limit  that  r  -*  dQ  gives  integral  equations  whm 
only  the  fields  on  the  wall  iq>pear.  For  numerical  calcu¬ 
lation,  we  divide  the  wall  surface  into  short  segments 
and  express  the  field  as  column  vectors  | ).  Then,  the  in¬ 
tegrals  appearing  in  eqs.(l)  and  (2)  can  be  represented  by 
matrices.  Thus,  we  obtain  matrix  equation 

'P\E,)  =  -ikg\ZoHr-En),  (3) 

A”  |£„>  -  T  \Er)  =  -ik  [C  \E,)  +  S  \ZoH,)] ,  (4) 
T  \En)  +  M \Er)  =  -ik  [5  lEO  -  C  \ZoH.)] .  (5) 

C.  Approximate  boundary  condition 
When  the  skin  depth  is  much  smaller  than  the  typical 
transverse  scale  L  of  the  pipe,  the  boundary  condition  is: 

Zo(ir,-|-/fW)  =  -l£„  ZoH,  =  ^Er.  (ondO)  (6) 

ic  =  =(1  +  i)/6,Hn  =  (7) 

Stkin  =  y/2liKiCka,  po  =  l/poca  (8) 

where  po  the  permeability  of  vacuum  wd  a  the  con¬ 
ductivity  of  the  wall  material,  (po  0.5  x  lO'^’m  for 
copper  at  rocun  temparature.) 

D.  Solutjon  of  the  iategral  equation 

The  Et  terms  on  the  l.h.s.  of  (4)  and  (5)  can  be  ignored 
when  StUn  ^  L.  Then,  eqs.(4)  and  (5)  can  formally  be 
solved  as 

lE„>  =  -iiA4|E,>,  (9) 

where  A4  is  a  matrix  defined  by 

M  =  (y-t-SC-^T)-^(C  +  SC-^S).  (10) 

Using  eq.(9)  and  the  boundary  condition  (6),  we  can  solve 
eq.(3),  under  the  same  condition  StUn  ^  L,  as 

The  solution  ZaHr^^  for  the  perfectly  conducting  case,  ^ 
pearing  on  r.ha.  of  this  equation,  can  be  found  using  the 
matrices  Q  and  T>  defined  in  (3)  as 

1«)  =  Iff.)  -  1^)  .  3.{r)  =  G(r,  r.) 

(12) 

E.  The  field  at  the  witness  particle 

To  find  Et  at  the  witness  particle,  we  go  back  to  the 
Kirchhoff  formula  (1),  which  can  formally  be  written  as 

EtM  =  -ik  {gMHr  -  En)  -  {g'JEt) ,  (13) 
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I  . .  I  I..I  .  . . .  . 

«kiM«  tm  vad  iM  fiuetieM  ob  Ml  defined  by 

«w(e)  a  0(Wm,  r)  end  yi  a  dgm/dn  a  n  r). 

The  brak^  (  | )  denote  the  iidegral  over  the  circumference 
of  the  cnee  eeetion:  («|v)  S  fJsu*(»)  v(«).  Ueing  eq.(3), 
He  cen  rewrite  eq.(13)  ae  £^(r«)  a  where  (v|  s 

Thm,  finally  we  find  E,  at  the  witncee  particle 

*l«>.  (14) 

F.  gjfentefuee  and  ejgenfunctione  of  the  matrix  M 
We  denote  the  etgen^ue  (always  real)  A4  by  and 

the  eigenfimction  by  |a},  which  h  normalised  ae  (a|a)  =  1. 
Then,  eq.(14)  can  Ite  written  as 


with  ea(rw,  r«)  =  (v|a)  (a|u).  The  transverse  force  is  then 
given  by 


dc«/dr«, 

l-iXhV*)/**’ 


(16) 


where  the  coefficioits  dcaldr^  can  be  calculated  simply 
by  using  dyw/dr.  instead  g^.  From  eq8.(15)  and  (16), 
we  can  calculate  any  physical  quantities  like  ^  wake  fiinc- 
tion,  loes  parameters,  waO  heating  etc.  Note  that  M  de¬ 
pends  only  on  the  wall  shape  but  is  independent  of  the 
particle  location,  the  frequency,  and  the  conductivity. 

G.  Asymptotic  form  tork<.  (Z^^po)"*^* 

In  the  asymptotic  reghm  k  <  (I^po)'*/^,  Ht,  in  eqs.(15) 
and  (16)  can  be  ignored.  Since  |ar)  (a|  is  identity,  we 
get 


(v|«)  =  ds v*(s)«(s),  (i<(l’po)-‘/»). 

(17) 

When  r«  =  Vw ,  we  have  u  =  v  and,  consequently,  the  inte¬ 
grand  becomes  |u(s)|^,  giving  rise  to  a  formula  identical  to 
the  longitudinal  impedance  formula  obtained  in  [5].  Sim¬ 
ilar  formulas  can  be  found  for  the  transverse  impedance. 
Thus,  if  one  is  intwested  only  in  the  asymptotic  form,  the 
opwator  M  is  not  needed. 

H.  Wate  fiiBCtioH 

Since  all  the  terms  in  eqs.(15)  and  (16)  have  the  same 
wave  number  dependence,  the  wake  function  can  easily  be 
computed  from  two  basic  functions  ft  and  fy 

Wt{z)  =  '£^eM^/z„),  z«  =  I(2;ia)Vor'"  (18) 
Wx{z)  =  E  ^^Mzlz„),  (19) 

(See  [6]  for  the  explicit  form  cS  ft,  and  /p.)  The  asymp¬ 
totic  forms  for  large  z  >  (£^po)^^^  ue  found  to  be 


cZoy/^ 


Wj.« 


cZo'^^  dCa 
y/iz  "  dr^  ’ 


(20) 


J.  The  AC  Canduetivi^  at  Hjgb  liaquaaem 
As  pointed  out  1^  Bane  [3)7  the  AC  conductivity  is  no 
longer  e<pial  to  the  DC  conductivity  at  very  hi^  frequen¬ 
cies  and  is  approadmately  eaq^iessed  by  v/(l-iur),  r  Iteing 
the  relwation  time  of  t^  metal.  Our  formulas  in  the  fr»- 
quotcy  <h>main  are  still  valid  in  such  a  case.  The  wake 
fonctkn,  Imwever,  canmrt  be  expressed  by  the  two  fitnc- 
tkms  /i(C)  and  MO¬ 
IL  APPUCATIONS 

Results  of  the  application  to  various  pipes  are  given 
in  [6],  such  as  the  transient  behavior  of  the  wake,  infiuence 
of  the  AC  conductivity,  dependence  on  the  source/witness 
particle  location  for  round,  elliptic,  rectangular,  and  hyper- 
b<^c  pipes.  Here,  we  sb^  show  some  of  them  and  some 
more  structures. 


Figure  1:  TVanavoae  wake  luacAioa  (aolid  line)  for  a  tqrpeibalic 
pipe  with  tslcm.  The  ^ted  line  ia  the  asyn^totic  tom  and  the 
daahed  fine  ia  for  the  round  pipe  with  radhia  Icm. 


Fig.  1  shows  the  transverse  wake  function  for  a  hyper¬ 
bolic  pipe  having  a  shape  like  the  pole  of  a  quadrupole 
magnet.  The  radius  at  the  pde  tip  is  6  =lcm.  (The  area 
is  cut  at  2cm  but  the  result  is  almost  independent  of  the 
cut  if  it  is  larger  than  1.5cm.)  The  horistmtal  axis  is  the 
normalized  distance  (  =  z/zo  with  zo  =  (5^po)^^^  (=  17;im 
for  copper).  The  solid  line  is  dW^fOyt  for  t^  hyperbdk 
pipe.  The  dotted  line  is  the  asymptotic  form  («  l/>/i). 
For  comparison,  the  wake  for  the  round  pipe  with  ra^us 
1cm  is  plotted  in  the  dashed  line  .  One  finds  the  wake  for 
the  hyperbolic  pipe  is  omdiderably  smaller  than  that  for 
the  round  pipe  in  the  short-range  re|p<Hi  but  the  difference 
is  only  slight  in  the  asymptotic  region  (factor  0.835). 

Next,  let  us  discuss  the  dependence  of  the  transverse 
aBynq>totic  wake  on  the  location  cS  the  witness  particle 
with  r«  =  0.  The  transverse  wake  is  absent  in  the  case  of 
round  pipes  but  this  is  not  true  in  general. 

The  vertical  asymptotic  wake  is  plotted  in  Fig.  2  as  a 
function  of  tot  rectangular  and  elliptic  pipes.  The  as¬ 
pect  ratio  is  indicated  by  the  line  modes  as  shown  in  the 
figure  with  crosses  for  the  curves  few  rectangular  pipes.  The 


3442 


%A 

ywA 


FigUK  2:  Vertical  Myn^totic  wake  va.  the  location  ot  the 
witneee  particle  for  rectai^pilar  and  elliptic  pipes  of  varioiu  aspect 
ratio  with  fixed  vertical  aperture. 

vertical  half  aperture  6  is  fixed  in  all  cases.  The  wake 
is  mninaiued  by  pipc,r.so>  which 

is  the  dipole  wake  for  a  round  pipe  when  the  source  par¬ 
ticle  is  near  the  pipe  wall.  Flroin  this  figure  we  find  the 
following  facts.  Firstly,  increases  as  in  rectangu¬ 
lar  pipes  more  rapidly  than  in  elliptic  pipes.  Even  for  the 
square  pipe  a/6=:1.0,  is  almost  the  same  as  that  for 
a/b  =  oo,  when  the  witness  particle  is  close  to  the  wall. 
Secondly,  the  dependence  is  almost  linear  for  elliptic 
pipes  if  afh  ^  1.5  but  is  still  large  near  the  wall  unless 
a/b  is  very  close  to  unity.  For  example,  when  a/6=1.2, 
is  about  one  quarter  the  dipole  wake  of  a  round  pipe 
with  y*  =  b. 

These  facts  strongly  suggest  that  the  collimator  for  lin¬ 
ear  colliders  has  to  be  round. 


Figure  3:  TVanavotM  ••)niu>tctic  wake  for  a  hyperbolic  pipe 
for  r«  on  the  p-axis  (Wy)  and  on  the  45-degiee  line  (Wr).  The 
dietan«ifr  from  the  center  to  the  pole  ia  6. 

Fig.  3  is  a  similar  plot  for  hyperbolic  pipe.  Plotted  is 
the  transverse  asymptotic  wake  for  r j  =  0  with  the  witness 
particle  along  the  y-axis  (IFy)  and  that  along  the  45-degree 


line  (W,).  Thty  are  normalised  by  the  same  asinthe 
previous  plot.  Wr  becmnes  large  near  the  pole  face. 

As  we  have  seen  in  Fig.  1,  the  aqrmptotk  wahe  for  a 
hyperbolic  pipe  is  nearly  the  same  as  that  in  a  round  pipe 
tangent  at  tlm  pole  face.  This  means  that  the  wall  current 
is  concentrated  on  a  part  ot  the  wall  close  to  the  beam. 
We  have  conmuted  the  asynm^K  wake  for  a  flat-face 
Bcr^[>a  with  finite  horisontal  width  2a  and  the  gap  height 
25.  The  result  is  shown  in  Fig.  4.  Both  the  source  and 
witness  particle  are  at  the  center.  The  longitudinal  wake 
Wt,  (long-dash)  and  four  transverse  wakes,  dWg/dxt  (dot- 
dash),  dWf/dy,  (dash),  dW^/dy^  (dot),  and  dW^/dy, 
dW^/dym  (solid)  are  plotted  against  the  width  a.  Wt  is 
nmmalised  by  Wt  of  a  round  pq>e  ot  radius  b,  and  the 
transverse  wakes  are  normalized  by  dW^/dy,  tor  the  round 
pipe.  The  limit  a  — >  oo  corresponds  to  the  two  parallel 
pipes.  One  finds  that  the  wake  is  rather  insensitive  to  the 
scraper  width  a  and  is  even  large  when  a  is  small. 


Figure  4;  Asyiqptotic  wake  for  finite  width  peralld  mllimetor 
for  Vw  s  =  0.  (width  2a,  gtp  height  2t)  Nonnalised  by  the 
oorra^cnding  wahe  for  a  round  pipe  with  ladhw  b. 
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Varioue  a^pproaches  (analytical,  numerical,  and  eiperi* 
mental)  have  been  tried  to  inveetigate  the  impedance  and 
wakefidde  of  a  linw.  At  low  frequendea,  the  reaulte  ob¬ 
tained  fitom  different  ^qwoachee  are  in  agreement.  At 
lugh  frequoiciee,  the  aimulatione  ehow  that  the  teaonance 
peaki  and  the  aaeociated  long  term  wakes  are  related  to 
the  periodidty  of  the  hole  distribution.  The  dependence 
of  the  impedance  on  the  ake,  shiqie  and  pattern  of  the 
holes  and  slots  has  been  studied.  The  rounded  short  abts 
of  random  distribution  is  recommended  for  minimising  the 
impedance.  The  rf  couiding  between  the  area  inside  the 
liner  and  the  annulus  is  negligibly  small  in  the  frequency 
range  of  interest.  The  inqMct  of  the  liner  on  the  safety 
margin  and  lenstive  wall  instability  has  been  studied. 

I.  INTRODUCTION 

The  synchrotron  radiation  in  the  SSC  Collider  will  cause 
a  large  amount  of  gas  head  from  the  photon-induced  des¬ 
orption  process  and  may  result  in  a  poor  vacuum  in  the 
beam  tube.  A  posnUe  solution  to  the  problem  is  to  iostall 
a  perforated  liner  inside  the  bore  tube  [1].  The  introduc¬ 
tion  of  the  finer  bringi  up  a  number  of  issues  *.Hat  need 
to  be  studied.  Among  them,  one  is  the  increase  of  the  rf 
mqMdance.  The  increments  come  from  the  holes  (or  slots) 
as  well  as  from  the  smalln  ID  of  the  liner. 

The  inqiedance  of  the  holes  and  slots  has  been  studied 
by  means  of  SD  siniulatiwis  (MAFIA  [2]  and  HFSS  [3]), 
analytkal  modeling  [4],  wire  measurements  [3]  and  dec- 
tron  beam  measurement  [^.  The  Impedance  increments 
of  the  bellows,  beam  position  monitors  and  other  compo¬ 
nents  due  to  a  smaller  finer  ID  have  also  been  conqrated. 
The  increase  of  the  impedance  inqdks  the  decrease  <ff  the 
safety  margin,  which  is  defined  as  the  ratio  of  the  instabil¬ 
ity  threshold  inqiedance  to  the  machine  inqiedance.  This 
is  now  under  study  to  determine  the  mmimum  allowable 
ID  of  the  finer. 

n.  LOW  FREQUENCY  REGION 

A.  Anaiglieal  Model 

For  some  structures,  such  as  a  pqw  attached  to  a 
small  inllbas  or  a  jnpe  with  small  holes  on  its  surfece 
(i-e.,  the  perforated  finer),  the  lonptudinal  and  transverse 
inyedances  can  be  ^>prcadmated  by  a  pure  inductance  L 

*Op«nk«d  by  tb*  UaiwtitiM  ReMarch  Awocistian,  Inc.,  for 
Uw  U.8.  Dtpartmaat  of  B—iir  uadar  Contract  No.  DB-ACSS- 

80BIMMM. 


at  bw  frequencies  (bebw  the  cutoff): 

Z|,(«)  =  i«I,  Zj.(tf)  =  i^L  (1) 

in  which  b  is  the  radius  of  the  pye,  c  the  velocity  of  fight. 
When  a  Gausnan  bunch  traverses  the  pure  inductance,  it 
will  generate  the  lonytudinal  and  transverse  wake  potm- 
tials[2]: 

in  T'hich  <r  is  the  rms  bunch  kngth.  The  magnitudes  and 
loc.  -ions  of  the  peaks  of  the  wake  potentials  are: 

at  s  =  ±o  (3) 

B.  MAFIA  Rentis 

The  inductance  of  a  small  hob  with  diameter  d  at  low 
frequency  has  been  worked  out  [4]: 


Zq  £ 

48ir»c  6*  * 


(5) 


in  which  Zo  =  377  (1.  Therefore,  the  peak  of  the  wakes  of 
each  hole  are  given  by  (all  dimensioiis  in  meters): 

(ic^)  <"> 

Eqs.  (5)-(7)  can  be  compared  with  the  MAFIA  results  as 
shown  in  Figs.  la-b.  When  the  hob  sue  b  small  and  bunch 
bngth  large,  the  theory  and  simulations  agree  with  each 
other.  However,  when  the  hole  becomes  larger  (d  >  4  mm) 
or  the  bunch  becomes  shorter  (a=0.25  and  0.6  cm),  the 
simulation  results  appear  to  be  larger  than  what  the  theory 
would  predict.  Thu  probably  indicates  the  breakdown  of 
the  low  frequency  assumptbn. 

The  hole  shape  in  the  simulations  u  a  square  rather  than 
a  circle.  It  would  thru  give  an  inductance  larger  th.>a  that 
of  a  circular  one  as  predicted  by  Eq.  (5).  On  the  other 
hand,  Eq.  (5)  u  derived  from  a  sero-thickness  liner.  The 
finite  thickness  (1  mm)  used  in  the  simnlati<»u  would  lead 
to  a  smaller  inductance  [6].  It  u  intmsting  to  see  from 
Fig.  1  that  these  two  effects  seem  to  cancel  each  other  and 
result  in  a  good  agreement  between  Eqs.  (6)-(7)  and  the 
MAFIA  results. 


0-7803-1203-l/»3$03.00  C 1993  IEEE 


3444 


Figuze  1. 


H«to  DIaiMUr  d  (mm)  Hoi*  Uamatar  d  (mm) 

The  solid  lines  are  computed  unng  Eqs.  ((S)-(7).  The  squares  and  dashed  lines  are  the  MAFIA  results, 
(a)  (b)  WT-. 


Figure  2.  Electric  field  vectors  for:  (a)  The  TE31  mode  (10.4  GHs)  and  (b)  The  TE21  mode(11.5  GHs). 


m.  fflGH  FREQUENCY  REGION 

A.  FieUi  in  ihe  Annnhu 

The  annulus  re^on  allows  the  enstence  and  propagation 
of  a  TEM  wave,  which  has  sero  cutoff  and  travels  with 
the  speed  of  the  light.  In  order  to  understand  whether 
this  should  be  a  concern,  the  frequency  domain  simulation 
with  periodic  boundary  conditions  was  carried  out.  Many 
modes  have  been  identified  and  compared  with  the  theo¬ 
retical  values  of  the  frequencies.  The  errws  are  in  general 
leas  than  1%.  Two  of  them  are  shown  in  Fig.  2a-b.  Up  to 
30  GHs,  no  coupling  is  seen  between  the  inner  and  outer 
r^ons.  Therefore,  the  impMt  of  the  co-axial  structure  to 
the  impedance  is  considered  to  be  insignificant. 

B.  Periodic  DiiirAniions  of  Holea  on  a  Liner 

When  the  holes  are  periodically  arranged  along  the  axis 
with  1  cm  spacing,  resonance  peaks  above  the  cutoff  ('>>  7 
GHs)  are  observed  in  the  longitudinal  impedance  spectrum 
as  shown  in  Figs.  3a-b.  Below  the  cutoff,  the  spectrum 
agree  with  the  analytical  value  (5)  within  a  few  percent, 
imilar  results  have  also  been  obtained  for  the  transverse 
inqpedance. 


C.  Random  dietrUaUon  of  Holea  on  a  Liner 

One  effective  way  to  reduce  the  resonance  impedance  is 
to  destroy  the  periodicity  of  the  hole  distribution.  This 
is  demonstrated  in  Figs.  4a-b,  when  the  spacing  between 
two  neighboring  holes  in  the  axial  direction  u  randomised. 
ConqMUted  with  Figs.  3a-b,  the  low  firequency  impedance 
remuns  about  the  same  (as  it  should  be  due  to  the  additiv¬ 
ity),  whereas  the  resonance  peaks  at  high  frequencies  are 
greatly  suppressed.  However,  by  using  the  same  technique, 
the  reduction  in  the  transverse  direction  is  less  dramatic. 
This  needs  further  study. 


D.  Sloia  vs.  HoUa 

When  the  holes  are  replaced  by  the  slots  that  have  the 
same  area  and  have  the  major  axis  parallel  to  the  pipe  axis, 
the  low  frequency  impedance  is  reduced,  whereas  the  long 
term  wakes  and  high  frequency  resonances  are  enhanced 
because  it  becomes  easier  to  resonate  [2].  Therefore,  the 
trade  off  should  be  studied  carefully.  The  short  slots  with 
rounded  edges  seem  to  be  a  good  conqiromise. 
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miQUBiicy  (CHZ) 

P^uie  3.  The  lon^tudinal  impedance  for  a  liner  with  420  square  holes  (2n]m),  periodically  distributed. 


rRBQUBScy  (CHZ)  maoucscy  (cnz) 

Figure  4.  The  longitudinal  impedance  for  a  liner  with  ^0  square  holes  (2mm),  randomly  distributed. 


IV.  SAFETY  MARGIN 

The  baseline  beam  tube  ID  is  33  mm.  The  inqiedance 
threshdd  before  any  ccdierent  transverse  iiutability  could 
occur  is  270  MQ/m.  Assuming  the  finer  ID  be  25.3  mm 
(as  designed  for  the  string  test),  hole  diameter  2  mm,  and 
4%  area  coverage  of  the  holes  on  the  finer  surOsce,  then  the 
safety  mar|^  will  be  reduced  by  a  factor  of  3,  as  listed  in 
the  table  below. 


Case 

Safety 

MO/m 

MQ/m 

MO/m 

Margin 

Baseline 

. 

40 

40 

6.7 

Vi^th  finer 

37 

80 

117 

2.3 

Hiere  are  several  possible  measures  that  will  increase  the 
safety  mar|^:  (a)  To  increase  the  threshold  in:q)edance 
by  increasing  the  longitudinal  emittance  and  rf  voltage 
at  iiqection  of  the  Collider;  (b)  To  reduce  the  machine 
inyedance  by  maximising  the  finer  ID  and  optimising  the 
sise  and  shape  of  the  holes  or  slots. 

V.  RESISTIVE  WALL  INSTABILITY 

The  growth  time  of  the  resistive  wall  instability  is  pro¬ 
portional  to  ID~’.  The  baseline  specification  is  110  turns. 
When  a  finer  of  25.3  mm  ID  is  installed,  the  growth  time 
will  be  reduced  to  50  turns.  It  will  be  further  reduced 
if  the  stainless  steel  pieces  ate  introduced  near  the  BPM 


for  thermal  insulation  purposes.  As  a  consequence,  the  re¬ 
quirement  of  the  feedback  system  becomes  more  demand¬ 
ing. 
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Aboract 

Wb  describe  a  generalized  method  to  compute  wake  po¬ 
tentials  created  in  axisymmetric  structures.  It  relies  on  ex¬ 
pressing  the  wake  potentials,  of  any  multipole  order,  as  inte- 
grab  over  the  e.m.  fields  along  an  arbitrary  one-dimensional 
contour  spanning  the  structure  longitudinally.  For  perfectly 
conducting  structures,  die  integration  along  the  axis  can  then 
be  reidaced  by  choosing  a  contour  beginning  and  aiding  on 
the  beam  tubes.  Thus  it  generalizes  the  former  method  of  cal¬ 
culating  the  wake  potentials  by  integrating  along  a  straight  line 
at  the  beam  tube  radius.  Its  usefulness  is  illustrated  with  the 
computer  code  ABCI  which  permits  calculation  of  wake  po¬ 
tentials  in  structures  extending  to  the  inside  of  the  beam  tube 
radius,  or  having  unequal  beam  tube  radii  at  the  two  sides. 

L  INTRODUCTION 

The  determination  of  the  wake  potentials  and  impedances 
created  by  metallic  structures  surrounding  the  beam  trajectory 
is  an  important  issue  in  the  design  of  accelerators.  In  most 
practical  cases,  the  wake  fields  must  be  calculated  with  com¬ 
puter  codes.  For  cavity-like  structures  symmetric  about  the 
beam  axis,  using  the  known  radial  dqiendmce  of  the  monopo¬ 
lar  (m=>0)  longitudinal  and  dipolar  (in»l)  transverse  potentials, 
the  integration  of  the  wake  fields  can  be  perfimned  along  a 
straight  line  parallel  to  the  axis  at  the  beam  tube  radius  [ll- 
For  perfectly  conducting  walls,  the  boundary  conditions  en¬ 
sure  that  the  integral  along  the  beam  tube  vanishes  for  the 
tangential  (longitudinal  or  azimuthal)  components  of  the  wake 
potentiaL  This  leaves  the  integral  across  Itw  cavity  gap  as  the 
only  contribution  to  the  wake  potentials.  This  simplification  is 
essential  for  computer  calculations,  in  particular  for  long  struc¬ 
tures  and  short  bunches  requiring  small  mesh  size  and  whoe 
long  beam  tubes  would  require  excessive  computer  memory 
and  cpu  time.  However,  this  technique  does  not  work  when 
the  two  beam  tubes  have  unequal  radii,  or  when  part  of  the  cav¬ 
ity  extends  to  a  smaller  radius.  If  it  is  the  case,  for  instance  for 
tapers,  siqis,  collimators  or  cavities  with  small  aperture  irises, 
the  only  altonative  is  to  integrate  along  a  straight  line  at  an 
allowable  radius,  and  with  beam  tubes  is  long  as  possible. 
Usually  one  must  also  subtract  the  wake  potential  of  the  beam 
tubes  without  structure  ("numerical  noise")  which  is  different 
from  zoo  due  to  the  discretization  of  the  geometry. 

In  this  paper,  we  generalize  the  above  straight-line  inte¬ 
gration  method,  by  showing  that  the  longitudinal  and  trans¬ 
verse  wake  potentials,  at  all  orders  m  in  the  multipolar  ex- 
innsion,  are  given  by  a  wakefieid  integral  along  any  arbitrary 
contour,  like  (C)  in  Figure  1,  starting  and  ending  on  the  beam 
tubes.  This  integral  is  such  that  the  contribution  of  the  beam 


tubes  vanishes.  One  can  thmefore  treat  more  general  struc¬ 
tures  ly  passing  underneath  the  lowest  radius  material  withoitt 
Staving  to  introduce  long  beam  tubes.  The  detailed  derivation 
of  this  method  is  given  in  [2].  Its  only  limitation  is.  for  mi 
1.  that  the  two  beam  tubes  have  equal  radii. 

This  method  has  been  implemented  in  the  computer  code 
ABCI  [3]  where  the  integratim  path  is  made  of  straigltt  line 
segments  defined  by  the  3  parani^ers  ZCF,  ZCT  ans  RWAK 
as  shown  in  Figure  1.  Residts  from  this  code  are  preseitted. 


Figure  1  Contours  and  contour  parameters  in  program  ABCI 

n.  CALCULATION  OF 
THE  WAKE  POTENTIALS 

The  longitudinal  and  transverse  wake  potentials  are  de¬ 
fined  by 

+  0O 

=  j  dz£?,(r,<?.z.t(z,s))  (1) 

-OO 

and 

+  00 

Wx(r,<?.s)  =  ^  y  dz(Es.+^fxB){r,0,z,t{z,s))  (2) 

—  OO 

where  s  is  the  distance  behind  the  exciting  charge  Q  of  velocity 
v=c. 

t(z,  8)  =  {z  +  s)/c  .  (3) 

H  is  convenient  to  decompose  the  electromagnetic  fields  as 
£=£(*»+£(’■>  and  where  (£(“>,  B(°>)  are  the 
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one  can  show,  usiag  tte  homogeneont  MaxweU’s  eqaadom 
satisfied  by  the  fields  (£('), B('))  .  that  the  one-fianns  d^ned 
by  these  vectors  are  dosed  in  the  fr4>i>lane.  ix. 


6l.5<-*)(r.r.a.t(r.a))  -  a.S<«>(r,  *,..<(r.a))  =  0 
*, a,  t(i, a))  -  a,  a, t(a,  a))  a  0 


C7) 


j  S(®>(r.  a,  a) .  dl  a  y  8^(1^,  a,  a)  •  dl 
Cr  C 


(8) 


Hie  right-hand  side  this  eqution  is  proporiianal  to  the 
tonghudinal  potential  ll'i'’\a),  which  is  dnrefbre  givea  by 

W<«)(a)  =  -^J  lE,dz  -i-  (£;-hcB#)drJ<"*““>(r,  a,  t(a,  a)) 

+~ln[-2i2-l<(a) 

«0  L«9«.J 

where  the  log  term  comes  fiom  the  integiadon  of  the  fiee  fiebk 
-I-  and  ou  and  ««« ve  the  thbe  radii. 


J  D^-V.a.a)  dla  J  D<"*>(r'.a,a)  dl  (11) 
Cr  c 

since  the  radial  Integrals  at  a  a  ±00  cancel  each  other.  The 
first  eqintioa.  evahnled  on  the  z-axis,  implies  that  the  integral 
of  aloes  any  contour  vanishes.  It  is  then  easy  to  show 
that 

W;(">(r,d,  a)  a  -S2^£lr«  J  d('">  •  dl  (12) 


Adding  to  the  integral  of  D('”)  the  (vardshing)  hit^ral  of 
S(")  along  (C)  divided  by  leads  to  an  expression  of 
the  longitudinal  wake  potential  where  the  int^ral  along  the 
beam  tubes  vanishes  dne  to  the  metallic  boundary  conditions. 
This  is  however  only  possilde  when  the  tnbe  radii  are  equsL 
Evaluating  the  result  expression  in  terms  of  the  em.  fields 
in  the  stnictme.  leads  to 


This  fanpUes  that  the  vedors  S('")  and  D('">  derive  fiom  a  po- 
temial  mid  that  their  integtai  along  a  dosed  contour  (encloring 
the  vacaom)  vanishes.  This  property  allows  one  to  deftam  the 
wakefidd  integration  pafii  fiom  the  straight  line  (Lr)  at  constant 
raditts  r  used  in  definitions  (1)  and  (2).  to  any  contour  (C). 

A.  The  m*0  case 

In  this  case  the  radiated  fidds  vanish  at  both 

ends  of  the  beam  tube,  and  the  integrals  of  along  (Lr)  and 
along  the  path  (C),  me  equal: 


(13) 


with 


The  transverse  potential  can  be  written,  using  the  Parntfsky- 
Wenzd  theorem,  as 


•or  /  a  \  ^ 

Wx(r.d,s)  =53-25^ 

msl  ^ 


with 


^coe  (nid)r  —  sin  (md)O^  a;('")(s) 

(15) 


[(^  +  ^)('»  +  -  C6,)J 

(16) 

In  equatioos  (14)  and  (16),  it  is  understood  that  the  dectro- 
magndic  fields  are  project^  on  their  moitipdar  component  of 
order  m,  and  fliat  their  argument  is  (r',  z,  t(z, «)). 
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m.  COMPUTER  IMPLEMENTATION 
The  poisUiU^  of  tail^ntaig  along  a  non-straight  path, 
using  Eqoatioitt  (9),  (14)  and  (16),  has  been  implemented 
in  the  time-domain  piognun  ABCI  (3]  as  discussed  in  the 
introduction.  We  illustiaie  the  interest  of  this  method  with 
the  calculation  of  wake  potentials  for  two  cases.  We  first 
consider  a  1  cm  long  coUimatcr  of  4  mm  radius  in  a  beam 
ttibe  of  1  cm  radius.  Rgure  2  shows  a  comparison  of  the  loss 
fKtor  of  a  Gaussian  bunch  with  =  Sinin  calculated  with 
two  different  methods: 

1.  the  wakefieU  integration  along  a  straight  line  at  4  mm 
constant  radius  (stdid  line).  The  calculated  wake  potential 
and  loss  factor  then  depend  on  the  length  L  of  the  tube 
on  both  sides  of  the  coUimatCM’.  The  result  is  given,  after 
substraction  of  the  wake  of  the  tube  alone  C‘numerical 
noise  correction’’  similar  ot  the  WAKCOR  method  in 
TBCI  [S]),  by  the  asymptotic  value. 

2.  the  Wakefield  integration  along  the  boundary  of  the  col¬ 
limator,  using  Equation  (9).  In  this  case  the  result  is 
indqxndent  of  the  length  of  the  tube  and  gives  directly 
the  value  of  the  loss  factor  (dotted  line). 


Figure  2  Longitudinal  loss  factor  [V/pC]  of  a 
collimator  as  a  function  of  the  beam  tube  length 


-  caviTT  stun  nipur  - 


s  (a) 


Figure  3  Constant  gradient  structure  for  CLIC 


Finally  Figure  4  plots  the  m*!  wake  polentiab  of  a  20 
cell  30  GHz  constant  gradient  Mructuee.  as  shown  in  Figure 

3.  where  the  inner  and  ouim  irutii  of  each  cell  are  diffoent 
The  contour  of  integration  chosen  by  the  program  is  given  by 
the  dashed  line. 


Figure  4  Dipolar  wake  potential  (>is=l) 


rv.  CONCLUSION 

In  practical  calculations  of  the  wake  potentials  created 
by  axisymmetric  cavities,  one  usually  evaluates  them  by  in¬ 
tegrating  along  the  cavity  gap  at  the  beam  tube  radius.  We 
have  generalized  this  method  by  showing  that  the  wake  po¬ 
tentials,  of  any  multipole  order,  are  given  by  integrals  over 
the  wake  fields  along  any  arbitrary  contour  spanning  the  struc¬ 
ture  longitudinally.  By  so  doing  we  have  extended  the  range 
of  ai^lications  to  structures  of  more  complicated  sh^.  The 
integration  of  wake  fields  along  well  chc^en  contour  permits 
a  large  savings  in  computer  capacity.  In  particular,  the  inte¬ 
gration  along  a  structure  extending  to  the  inside  of  the  beam 
tubes  -  such  as  a  collimator  or  iris  -  has  become  much  easia 
with  this  method.  Also  the  /n=0  wake  potential  of  structures 
with  unequal  beam  tubes  can  be  calculated  in  this  manner. 
The  new  method  of  integration  has  been  implemented  in  the 
code  ABCI  (versions  S  or  higher)  which  can  choose  the  proper 
contour  automatically  or  as  selected  by  the  user. 
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**ReBBd  ud  'toiuui  and  'toiwd  utd  ’ronnd.” 

N.  Cherry 

I.  INTRODUCTION 

Plana  for  CESR<B,  the  ptopoeed  upgrade  of  the  CESR 
e'^e~  storage  ting  to  a  R-laetory  [1],  call  for  beam  eut- 
renta  of  ~  1  A.  Studies  indicate  that  the  beams  will  be 
unstaUs  nnleas  the  higher-order  modes  (ROMs)  in  the  su¬ 
perconducting  eauities  ate  strongly  damped;  Q  <  100  is 
required  for  the  dangerous  modes  [2].  The  cavity  is  de¬ 
signed  to  enable  all  ROMs  to  propagate  into  the  beam 
lupe,  where  a  layer  of  microwave-absorbing  ferrite  is  to 
provide  the  damping.  The  load  geometry  is  shown  in  Fig¬ 
ure  1.  RP  measurements  with  a  fuU-sise  mock-up  of  the 
cavity  and  loads  made  of  two  types  of  ferrite,  TT2-111- 
series  and  Ferrite-50,*  indicate  that  this  scheme  provides 
the  required  damping  [3].  The  ROM  loads  can  also  inter¬ 
act  directly  with  the  beam.  Preliminary  predictions  for  the 
effect  of  loads  made  of  TT3-111V^  ferrite  on  beam  stability 
in  CESR-B  ate  given  in  this  paper. 


^  ferriie 
^  mettl 

9160583-001 


Figure  1.  Load  geometry.  For  a  fuU-sise  load,  L  —  ISO  mm, 
Tg  —  118.4  mm,  and  r«  =  121.0  mm. 


II.  COUPLING  IMPEDANCE  PREDICTIONS 

The  beam  coupling  impedance  of  a  load  was  predicted 
using  (i)  AMOS,  a  program  which  calculates  wake  fields 
in  the  presence  of  absorlnng  materials  [4],  and  (ii)  analytic 
formulae  for  the  eoufding  impedance  of  a  conducting  inpe 
with  a  material  layer.  The  formulae  were  derived  using  an 
approach  previously  applied  to  multi-layer  i»pes  [5,  0};  a 
detailed  ezfdanation  of  the  technique  and  its  application 

'Work  mppoited  by  the  National  Sdenee  Foundation,  with  supple- 
roentarjr  support  from  U.  S.-JapaD  collaboration. 

^prcaoit  addims;  KEK,  Tsakuba-Shi,  Ibaraki-Ken  305,  Japan 
>  Lawrence  Livermore  National  Lab,  Livermore,  California  94550 
tpresent  eddiees*  Institute  of  Nuclear  Physics,  630090  Novosibirsk, 
Russia 

series  farrite  and  Ferrite-SO  are  products  of  Trans-Tcdi,  Inc. 
’We  use  ‘TTS-lllV"  to  refer  to  a  variety  of  TT2-111R  forite  with 
enhanced  DC  conductivity. 


Bequency  [Hz] 

Figure  2.  Measured  and  fitted  values  of  the  teal  and  insag- 
inary  (times  -1)  parts  of  ^  for  TT2-111V. 

to  the  resistive  wall  can  be  found  in  [7].  In  the  analytic 
cakulation,  the  beam  {npe  is  assumed  to  be  homogeneous 
in  the  axial  direction,  so  that  end  effects  are  ne^eeted. 

Prediction  of  the  impedance  requites  knowledge  of  the 
microwave  properties  (complex  permeability  n  and  permit¬ 
tivity  e)  of  the  absorb!^  material.  The  properties  of  TT2- 
llIV  and  some  other  absorbing  materials  were  measured 
using  the  coaxial  transmission  line  technique  [8].  Measured 
values  otn  are  shown  in  Figure  2.  The  8-pole  "relaxation” 
model  fit  used  in  AMOS  is  also  shown.  The  measured  e/co 
has  a  real  part  of  about  14  and  an  imaginary  part  corre¬ 
sponding  to  a  DC  conductivity  of  about  0.0023  (nm)~*; 
these  ate  the  values  that  were  input  to  AMOS. 

Predictions  for  the  monopole  longitudinal  impedance  Zl 
are  shown  in  Figure  3.  There  is  a  significant  difference  be¬ 
tween  the  AMOS  and  analytic  predictions  above  1  GRs, 
possibly  due  to  the  fact  that  the  analytic  calculation  ne¬ 
glects  end  effects.  The  *broad-band”  longitudinal  and 
transverse  impedances  are  shown  in  Figure  4.  More  in¬ 
formation  on  the  impedance  predictions  and  on  additional 
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Frequency  [GHz] 


Figon  S.  Pndktad  (a)  ml  put  and  (b)  ima^atjr  part  of  the  loagitndinal  monopole  eonpHag  impedance  fisr  a  fnll-eiM 
TTS-lllV  load,  akmg  with  model  vafaiee  need  for  ZAP.  Hie  complex  coigngatee  of  tbe  AMOS  vahiee  ate  ahowa. 


Figure  4.  Predieted  (a)  |Zj/a|  and  (b)  \Zi\  tm  a  fall<«M  TT2>111V  load,  akmg  with  modd  valnes  need  for  ZAP. 
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win  wmtwiwrti  nay  b«  fMUid  datwhan  [•,  10]. 

m.  BEAM  STABILITY  PREDICTIONS 

Tk«  ZAP  pfogruB  [11]  «•>  u«d  to  pndkt  tlie  dbet  of 
Um  faiite  loadb*  coapliag  impoduM  on  CKR>B  bonna. 
Rdavmnt  mnrhiiia  pnnuBateia  nia  givan  in  TkUe  1. 


Tbbla  1.  Saleetad  CESR-B  Mnehina  Pnnmeteia. 


Pnrametm 

Low-Energy 

Bm 

Ring  axenmbtence 

764.84  m  | 

Beam  energy 

3.5  GeV 

8GeV 

Beam  current 

1.98  A 

0.87  A 

Particles  per  bunch 

1.92 -10“ 

0.84-10“ 

Longitudinal  bunch  sise 

1  cm 

Tbtal  RF  voltage 

11.64  MV  33.82  MV 

RF  Frequency 

500  MHs 

Momentum  compaction 

0.011 

0.0084 

Momentum  spread 

6.44  •  10-^ 

8.30  •  10-< 

Horisontal  betatron  tune 

11.56 

12.56 

Vertical  betatron  tune 

8.63 

Horisontal  tune  spread 

o 

1 

lA 

Chromaticity 

1 

Number  of  HOM  loads 

5  14 

Singte-bnneh  tbnakcdda  were  predicted  &om  the  cnl- 
culnted  broad>bnad  impednncea.  A  constant  \Zi’\  and  a 
SPEAR-bke  \Z\/n\  waa  aaaamed  (see  Figure  4).  SPEAR 
scaling  eras  used  to  obtain  the  eflective  |.So/»|.  The  results 
ate  given  in  ThUe  2.  ZAP  predicts  no  bunch  lengthening 
due  to  potential  wdl  distortion. 

Growth  rates  for  longitudinal  and  transverse  coupled- 
bunch  instaUlities  were  predicted  with  ZAP,  after  fitting 
Zj  and  Z^  torn mnlti-mode  resonator  modd.  Because  the 
AMOS  and  analjrtie  impedances  are  somewhat  different, 
thejr  were  fitted  separatdy.  The  modd  impedances  used 
for  Zq  ***  shown  in  Figure  3.  There  was  a  significant  dis¬ 
agreement  between  the  predictions  from  the  two  poasiUe 
formalisma  (Wang  and  Zotter)  in  some  cases.  The  worst- 
case  resnhs  are  given  in  Tkble  3.  The  a  =  1  mode  has 
the  fastest  growth  time  in  all  cases.  As  can  be  seen,  all 
modes  are  predicted  to  be  staUe  in  the  presence  of  radiar 


TkUe  3.  Predicted  an^  bunch  thresholds. 


Instability  type 

Threshold  particles/bunch 

Low-Energy 

Ring 

High-Energy 

Ring 

Transverse  fast  biow-np 
or  mode  eonoBne 

1.9  •  10*3 

1.5-10“ 

Microwave  /  tnrbakat 
bmdi  leutheninn 

7.9-10“ 

7.5  - 10“ 

TbUe  3.  Ptadktod  wotst-caaa  growth  tiaaea  fi»  coaplad- 
banch  inatahflitiea.  CESR-B  radiation  damping  times  are 
also  given  fi»  comparison. 


Instability  type 

Fhstest  growth  time  | 

Low-Energy 

Ring 

Longitadirml 

44s 

106  s 

TVansvetse 

4s 

6  s 

Type  of  damping 

Low-Energy 

Ring 

lifiMiS 

Longitudinal 

12  ms 

4.2  ms 

Transverse 

25  ms 

8.5  ms 

tion  damping. 

The  loss  factor  was  calculated  from  the  predicted  Zj.  In 
the  worst  case  (the  AMOS  prediction  for  the  low-energy 
ring),  the  direct  power  transfer  from  the  beam  to  the  load  is 
ll.S  KW  per  load,  which  corresponds  to  an  average  power 
dianpation  of  0.102  W/mm^. 

IV.  CONCLUDING  REMARKS 

The  ZAP  results  indicate  that  the  nngk-bnnch  insta¬ 
bility  thresholds  from  the  loads  axe  at  least  a  factor  of 
40  above  the  design  beam  enrrent  for  CESR-B  and  the 
eoa|ded-bnneh  growth  times  due  to  the  loads  are  at  least  a 
fisetor  of  100  longer  than  the  radiation  daminng  times.  We 
plan  to  design  a  sealed  load  with  appropriately  magnified 
effects  and  test  our  understanding  of  its  interaction  with  a 
beam  in  the  existing  CE^R  storage  ring. 
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Ah$tfct 

By  means  of  an  analytic  modd  and  nunmicd  simula¬ 
tions  we  demoistrate  that  the  wake  a  waveguide  damped 
cavity  coutaina  a  persistent  component  which  decays  as 
tad  thus  is  dominant  at  sufficiently  large  vdues  of  t. 
Because  there  ate  scenarios  for  which  the  effect  gives  rise 
to  unacceptable  beam  instability,  it  cannot  be  ignored,  but 
it  seems  likdy  that  sudh  an  outcome  can  be  avdded  with 
proper  design. 

1  Introduction 

The  passage  of  a  bunch  of  charged  particles  through  an 
accd«ator  cavity  generates  a  wakefidd  which  may  have 
a  ddeterious  effect  on  the  motion  of  subsequent  bunches 
which  pass  through  the  cavity.  The  effect  is  often  cu¬ 
mulative  from  bunch  to  bunch  and  from  cavity  to  cavity 
and  may  lead  to  beam  breakup  [1].  One  solution  to  this 
problem  which  has  recdved  extensive  study  is  to  drain  the 
wakefidd  energy  out  ci  the  cavity  by  means  waveguides 
coupled  to  the  cavity  and  feeding  into  matched  frmnina- 
tions  [2].  Tlie  effectiveness  tA  this  procedure  has  typically 
been  assessed  by  evaluating  the  resultant  <A  higher 
order  cavity  modes,  thereby  determining  thdr  eqmnoi- 
tid  damping  rate.  Hie  purpose  ct  this  p^>er  is  to  point 
out  the  existence  tA  an  additional  effect  which  lea^  to 
a  wakefidd  which  falls  off  as  rather  than  exponen¬ 
tially.  Because  this  effect  always  dominates  at  suffidently 
long  times,  we  refer  to  it  as  the  persiatent  wake.  It  con¬ 
sists  of  a  superpodtion  of  the  frequencies  of  the  various 
waveguide  cuk^  frequencies  and  may  be  understood  as 
arising  physically  from  the  fact  that  the  group  velocity 
each  wavqpiide  mode  vanishes  at  its  cutoff  fr^uency.  As 
we  shdl  see  below,  fot  sufficiently  heavy  damping,  it  may 
dominate  before  the  arrival  <A  the  sectmd  bunch.  A  simi¬ 
lar  phenomenon  with  essentially  the  same  phydcal  origin 
which  occurs  in  the  decay  <A  unstable  quantum  states  has 
recdved  extendve  study. 

2  The  Dielectric  Cavity  Model 

As  a  simple  modd  <A  a  cavity  heavily  damped  by  waveg¬ 
uides,  we  condder  a  waveguide  which  has  a  finite  section 
of  length  h  filled  with  didectric.  The  configuration  is  illus¬ 
trated  in  Fig.  1. 

F»  brevity,  we  confine  our  attention  to  fidds  whose 
transverse  configuration  is  that  of  the  TEio  waveguide 
mode.  There  is  always  at  least  one  tr^ped  cavity  mode 
in  the  didectrk,  symmetric  with  respect  to  the  y-s  plane, 

*  Week  •uppoeted  br  U.S.  D^artment  of  Energy  srant  DE-FG03- 
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Figure  1:  Didectric  cavity  modd 


and  with  resonant  frequency  bdow  the  cutoff  frequency  of 
the  didectric  free  portion  of  the  waveguide.  T1^  mode 
has  an  electric  fidd  distribution  suitable  for  acederating 
particles  in  the  s  directum  along  the  s  axis.  There  are 
also  damped  modes  associated  with  multiple  refiections 
between  the  two  didectric-free  qmce  interfaces  which  have 
frequencies  above  the  cutoff  of  the  free  space  portion  of  the 
wavqpiide.  Hence  it  provides  us  with  a  reasonable  modd 
at  a  wavqpiide  damped  acederatm  cavity. 

lb  further  simplify  the  problem  we  look  only  at  the 
on  axis  transverse  ddketing  Add  By  generated  by  a  unit 
charge  moving  rdativistically  in  the  r  direction  and  dis¬ 
placed  by  the  infinitesimal  distance  d,  from  the  z  axis, 
as  shown  in  Fig.  (1).  Defining  the  transverse  wake  func¬ 
tion  Wx  as  By/dv  evaluated  on  the  z  axis,  and  solving 
Maxwell’s  equatkms  for  our  configuration  we  find 

A=(i  +  i*)  -  (I  -  i *)«“*.  I  = 

/If  /if  c 

The  integrand  of  Eq.  (1)  has  a  pair  of  branch  points 
where  /  vanishes,  correqumding  to  the  cutoff  frequency  in 
the  dielectric  free  waveguides,  and  the  Riemann  surface  of 
the  int^rand  therefore  has  two  sheets.  In  addition  to  the 
branch  points  the  integrand  has  poles  whoe  Di  vanidies. 
Causality  and  time  reversal  invariance  tell  us  that  we  can 
choose  the  sign  ot  I  m>  that  there  ate  no  complex  singu¬ 
larities  in  Uw  complex  plane  cut  along  the  teal  axu  to  the 
left  and  right  of  the  branch  pennts  and  extending  to  plus 
and  minus  infinity.  These  specifications  define  what  is  re¬ 
ferred  to  as  the  physical  sheet  of  the  Riemann  surface.  We 
choose  the  parameters  of  the  cavity  so  that  there  are  no 
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tni^ad  ddiuBtiiig  OBckUi  in  oitler  that  we  may  expect  Wx, 
to  decay  rapkQy  after  the  paaMfe  of  the  charge.  Hence  the 
only  aingolaritiea  on  the  phyaical  aheet  are  the  two  brandi 
pointa.  The  integral  in  Eq.  (1)  ia  takm  along  the  entire 
real  axis  of  the  phyaical  dieet  with  infiniteaimal  detoura 
above  them. 

The  aecond  aheet  of  the  Riemann  autface  ia  reached  by 
eioaaiiig  the  brandi  cuta  from  the  phyncal  aheet.  It  haa  an 
infinite  number  of  complex  pcdea.  Theee  occur  in  groupa  oi 
four,  aymmetrically  diatributed  with  reapect  to  both  axea. 
There  may  alao  be  paira  oS  real  p<^  between  the  branch 
pmnta. 

After  the  particle  leavea  the  cavity  (<  >  6/e),  the  inte¬ 
gral  over  the  aemi-circle  at  infinity  in  ^  loww  half  plane 
vaniahea.  We  uae  it  to  doee  the  intention  path  of  Eq. 
(1)  and  ahrink  it  to  the  form  ahown  in  Fig.  (2).  Here  the 
upper  half  plane  and  the  region  between  the  two  indicated 
branch  cuta  ia  a  part  of  the  phyaical  sheet,  while  the  re¬ 
mainder  the  lower  half  plane  ia  on  the  second  sheet.  In 
shrinking  the  ccmtour  integral  to  the  two  discontinuity  in¬ 
tegrals  aliHig  the  branch  cuta,  we  must  pass  through  the 
poles  which  have  been  exposed  on  the  second  sheet,  and 
we  must  retain  a  reddue  from  each  of  them.  Thus  we  have 
expressed  Wx.  aa  an  expansion  in  terms  of  the  discrete  ex¬ 
ponentially  damped  cavity  modes  plus  a  contribution  from 
the  branch  cut  integrals.  It  is  this  latter  contribution  which 
provides  the  persistent  wake. 
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Figure  2:  Contour  for  Calculating  Wx 


The  dominant  a^rmptotic  behavior  comes  from  the  first 
term.  Carrying  out  the  integral  we  find 

WV(<)  =  -^4*^(0ni)  +  c.e.  (4) 

whidi  decays  as  Here  is  the  seroth  order 

Hankd  fimctum  of  the  aecond  kind.  Because  the  second 
term  is  subject  to  the  same  manipulations  as  the  first,  it 
falls  off  aa  and  by  repeating  the  process  one  can  get 

a  sequence  terms  falling  off  with  increasing  powers  of  l/t. 

The  lull  expreadon  for  Wx  has  been  evaluated  numeri¬ 
cally.  Highly  damped  succesdve  reflections  from  the  inter¬ 
faces  appear  at  early  time,  but  as  shown  in  Fig.  (4)  the 
aqrmptotic  limit  takes  ova  quite  rtq>idly. 


50  55  60  65  70  75  80  85  90  95  100 
xe*z  (radian) 

Figure  3:  As3rmptotic  behavior  of  the  wake  field 

3  2-D  simulation 


We  define  the  persistent  wake  fimction  Wp  aa  the  contri¬ 
bution  from  the  branch  cut  discontinuity  integrab,  and  to 
dmplHy  the  discusdon  we  redefine  t  as  Uet  and  u  as  u/we. 
The  cut  discontinuity  can  then  be  written  as  -  lF(ti;) 
where  F  is  analytic  in  the  neighborhood  of  the  branch 
pdnt.  Making  use  of  partial  int^ation,  we  obtdn  the 
large  t  asymptotic  behaviour  as  follows: 


y/ui  -  lF(u)e-^*du 

=i/' 

itJi 

=-  t 

nJi 


—  lF{u)du> 


i  f  e~*"*  —  lG(u)du  -I-  c.c. 

n  Ji 


(2) 


Here  G,  which  has  the  same  analyticity  properties  as  F, 
is  given  by 


du 


(3) 


For  our  simulation  structure  we  have  taken  a  cavity  with 
four  damping  waveguides  with  the  cross  section  shown  in 
Fig.  (4a).  The  scale  is  chosen  so  that  the  cavity  has  an 
accelerating  mode  at  11.424  GHz.  The  waveguide  cutoff 
for  the  lowest  mode  is  14.27  GHz.  Two  damped  dipole 
modes  were  identified  with  MAFIA  frequency  domain  cal- 
cul^ions.  Thdr  frequencies,  17.365  and  34.297  GHz,  and 
Q’s,  3.74  and  9.0  were  determined  using  KroU-Yu  [3]  and 
Kroll-Lin  [4]  for  the  former,  and  because  the  latter  was 
above  cutoff  for  two  waveguide  modes,  KroU-Kim-Yu  [5] 
was  required.  A  MAf  lA  time  domain  computation  de¬ 
termined  the  Wakefield  excited  by  a  Gaussian  line  charge 
bunch  displaced  from  the  origin.  The  wakefield  obtained 
for  a  (T,  of  2.6  mm  is  described  by  Fip.  (4  b,c,d).  The 
abscissa  represents  the  distance  of  a  synchronous  trailing 
bunch  behind  the  excitation  bunch,  a  typical  value  being 
42  cm.  Fig.  (4b)  shows  the  persistent  wake  dominating 
after  25  cm.  The  logarithmic  plot  of  the  averaged  ampli¬ 
tude  shown  in  Fig  (4c)  exhibits  perhaps  three  exponential 
damping  rates.  The  straight  line  fit  shown  determines  a 
damping  rate  of  44.33  m~^.  This  is  to  be  compared  with 
the  unresolved  pair  of  decay  rates  of  48.64  m~^  and  39.92 
m~^  from  the  first  and  second  dipole  modes.  The  second 
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Figuro  4:  (a):  2D  strongly  damped  structure,  the  dot  refers  to  beam  pa^h  in  third  dimension,  (b):  Dipole  wake  field 
as  a  function  of  distances  i*e.  (c):  log  plot  of  the  same  wake  field,  dashed  line  refers  to  the  best  exponential  fit.  (d); 
log-log  plot,  dashed  line  is 


slope  of  27.6  m~*  (straight  line  is  not  shown)  was  asso¬ 
ciated  with  a  high  frequency  mode  beyond  the  range  of 
our  frequency  domain  simulation.  The  log-log  plot  of  Fig 
(4.2d)  compares  the  persistent  wake  with  a  straight 
line. 

4  Concluding  Remarks 

The  magnitude  of  the  wake  at  42  cm  appears  to  be  large 
enough  to  cause  some  beam  blow  up.  We  have  also  studied 
the  extreme  case  of  the  cavity  formed  by  two  waveguides 
intersecting  at  right  angles.  While  no  damped  dipole  reso¬ 
nances  could  be  idoitified,  indicating  extreme  higher  order 
mode  damping,  the  perastmt  wake  was  four  times  as  large, 
and  the  beam  blow  up  would  be  disastrous.  This  suggests 
that  an  iris  which  decreases  the  damping  tends  to  decou¬ 
ple  the  cavity  &om  the  penutent  wake,  and  hence  that 
better  results  could  be  obtained  by  further  decreasing  the 
damping.  Detuning  the  persistent  wake  by  distributing 
the  waveguide  cutoff  frequencies,  which  should  be  simpler 
than  detuning  the  HOM’s,  would  also  be  expected  to  be 
dfeetive.  It  is  also  likdy  that  the  effect  would  be  negligible 
in  the  choke  mode  cavity  damping  scheme  [6]. 


References 

[1]  K.  Thompson  and  R.  Ruth,  Ph]rs  Rev  D  41,  964 
(1990) 

[2]  R.  Palmer,  High  Energy  Physics  in  the  1990’s,  S.  Jen¬ 
son,  Ed.  (World  Scientific,  Sing^>ore,  1989),  pp.638- 
641 

[3]  N.  Kroll  and  D.  Yu,  Part.  Accel.  34.  231  (1990) 

[4]  N.  Kroll  and  X.  Lin,  Proc.  1990  Linac  Cun/.,  Albu¬ 
querque,  NM,  June  10-14  (1990)  p.  238 

[5]  N.  Kroll,  J.  Kim,  and  D.  Yu  Proc.  1992  Linac  Conf. 
Ottawa,  Ontario,  August  24-28  (1992)  AECI/-10728 
217  (1992) 

[6]  T.  Shintake,  Jpn.  Jour,  of  Appl.  Phys.  31  p.  L1567 
(1992) 


3455 


PERTURBATION  THEORY  OP  BROADBAND  IMPEDANCES' 

S.  Heifets 

Stanford  Linear  Accelerator  Center 
Stanford  Univenity,  Stanford,  CA  943M  USA 


Atmiract 

A  perturbation  theory  for  broadband  impedance  cal- 
culationa  has  been  develq;>ed,  allowing  evaluation  of 
mqMdances  for  an  accelerating  structure  at  a  rather  arbi¬ 
trary  shape.  GSenwal  formulas  are  given  for  the  longitudi¬ 
nal  and  transverse  iiiq>edaaces.  The  method  is  checked  by 
cakulating  impedances  and  comparing  results  with  those 
for  structures  previously  studied.  Several  new  results,  in¬ 
cluding  impedance  of  a  taper,  are  presented. 

I.  INTRODUCTION 

The  interaction  cf  a  beam  with  the  beam  environment 
in  acceleratots  is  usually  described  in  terms  of  the  coupling 
iiiq>edsnces,  with  most  of  the  impedance  calculations  per- 
fomoed  using  numeric  codes.  This  p^er  describes  a  per¬ 
turbation  theory  fSw  the  impedance  calculations  based  on 
Kirchhoff*s  equations,  analogous  to  the  Born  series  in  the 
scattering  theory.  A  p^turbation  the<»y  of  this  kind  was 
used  in  Uie  time  domain  by  Novokhatsky  [1],  and  by  the 
author  [2]  for  more  general  structures  in  the  frequency  do¬ 
main.  A  cylindrical  symmetry  is  implied  in  most  cases, 
unless  it  is  stated  otherwise,  although  the  method  also 
may  be  ^>plied  to  study  impedances  of  structures  without 
cylindrical  synunetry.  ring. 


II.  ILLUSTRATION:  THE  METHOD 

Consider  a  well  known  electrostatic  problem;  find  the 
field  of  a  point-like  charge  e  placed  at  distance  z  =  a  from 
an  ideal  conducting  x,y  plane.  The  field  potential  for  r  >  0 
is  a  superposition  of  the  potential  dcxt  of  a  charge  in  free 
qmce  and  the  potential  of  the  image  charge  -e  at  z  = 
—a.  This  result  may  be  obtained  using  Green  theorem  [3] 
vrdume: 


d(^)  =  +  j 


X  [G(A,  S!)  f '  d(^)  -  d(^)  V'  G(«,  ^)]  . 


Solve  (1)  by  iterations:  d  =  +  d^^^  +  •  ••  -  In  the  seros 

approximation,  d^**^  =  dext-  In  the  nth  approximation 


d(5)  =  d«ct(^)-e/[(r  +  a)»-Hr’]‘/» 


giving  the  correct  answer. 

*W(Mrk  supported  by  Department  of  Energy  contract 
DE-AC03-76SF00515. 


Note  that  although  the  final  result  satisfies  the  boundary 
condition,  the  result  of  any  finite  number  of  iteratums  does 
not.  Hence,  the  scdutioa  is  exact  for  each  iteration,  but  the 
boundary  conditions  are  satisfied  only  approximately. 

The  perturbation  method  based  on  Kirchholf’s  integral 
equation  gives  [4]  the  impedances  for  the  monopole  and  dipole 
modes 

2?(i)  =  -  ^  / 

X  [Gz(R,  ^))  cos(d  -  d')  . 

(3) 

=  -  Zo  ^  yddcosJ^d-dOy  dzdz' 

X  *-•*(*-*'>  J  [G*(^  ^)lr=.(r),r*=-(r-)  • 

(4) 

The  transverse  impedance  then  is  given  by  the  Wensel- 
Panoisky  theorem. 

Equations  (3)  and  (4)  give  a  close  form  of  the  longitudinal 
and  transverse  impedances  for  a  cylindrically  symmetric  beam 
pipe,  with  an  arbitrary  variation  of  the  pipe  radius  a(z).  Prom 
these  equations  it  is  also  easy  to  obtain  the  longitudinal  and 
transverse  wakefidds. 


III.  EXAMPLES  OF  LONGITUDINAL 
IMPEDANCE 

For  a  hole  in  a  beam  pipe,  the  imaginary  part  of  the 
impedance 

7 

=  (j;^  /  f  •“<*»  ■  ^ 

0 

If  the  slot  is  short  kL  1,  then 


ImZrn  =  Zo  (6) 

reproduces  the  Kurennoy’s  result  [4].  The  impedance  increases 
with  L  for  short  slots  kL  4^  1,  and  goes  to  a  constant  for 

4L>1. 

For  a  shallow  cavity  (b  —  a)  a,  g  a,  t  [y*  -I-  (6  — 
4^  1  the  longitudinal  impedance  obtained  from  simular 
tions  with  the  code  TBCI  for  long  bunches  is  inductive  [5].  We 
obtain  for  this  case 


L  = 


Zo(6  -  a)* 
(2xPa 


/(A), 


(7) 
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0  1  2 
Mi  (1/2  pa)Vg^  mu. 

Figiue  1.  The  teal  part  of  the  longitudinal  impedance  of 
a  cavity  as  a  (unction  of  the  Dome-Lawson  parameter: 
p/a  =:  3.0,  6/a  in  the  range  2.0  -  6.0.  The  transition 
from  the  teginoe  of  a  cavity  to  the  regime  of  a  step  is 
shown. 


Figure  2.  The  frequency  dependence  of  the  impedance 
of  a  collimator.  The  impedance  is  constant  for  small 
ka  and  rolls  off  at  large  frequencies.  Hie  roU-df  starts 
at  frequencies  dependent  on  the  ratio  of  the  radii. 


where  A  =:  g/(b  —  a)  and  /(A)  1.  For  small  A  1  it  gives 

K.  Bane’s  resnlt. 

Fbr  a  shallow  coUimator  the  inductance 

i  =  (8) 

which  is  similar  to  the  TBCI  result 
r  _ 

(wa) 

Impedance  of  a  cavity  in  the  high-frequency  limit  kg  ^  1, 
ha  1.  has  been  studied  before  [7].  The  real  part  of  the 
impedance  is 

= t  i^r  ■  <’) 

For  this  geometry,  the  general  formulathe  expression  for  the 
real  part  of  the  impedanceis  given  by  the  interval  —k<p<k: 


Re  Zi°\k) 


kZo  f  dp 

2)r  J 

~k 


Sin 


(10) 


The  impedance  of  a  collimator  can  be  derived  similarly  to 
the  impedance  of  a  cavity.  The  impedance  calculated  from  this 
formula  is  shown  in  Fig.  2. 

The  radius  of  a  t^er  varies  linearly  from  a  to  6  >  a  at 
distance  L.  The  longitudinal  impedance  is 


(11) 


where 


L 

S{k)  =  J  dzdz'  exp{t(p  -  t)(z  -  r')} 
0 


(12) 


The  integral  (12  can  further  be  reduced  to  a  single  integral. 

Results  of  the  numerical  integration  of  Eq.  (12)  are  shown 
in  Figs.  3,  4,  and  5. 

IV.  CONCLUSION 


xf  (*-p)[^o(na)-Jo(n6)]*. 

At  high  frequencies,  ha  ^  1,  h6  ^  1,  we  obtain  the 
Dome-Lawson  resnlt  (9). 

Fbr  very  large  gaps  g,  the  impedance  does  not  depend  on 
g,  but  depends  on  both  radii.  IVansition  from  the  regime  of  a 
cavity  to  the  regime  of  a  step  occurs  [7]  at  p  =;  h(6  —  a)^. 

The  result  of  the  numerical  integration  of  Eq.  (10)  is  shown 
in  Fig.  1. 


The  perturbation  method  described  above  reproduces  nu¬ 
merous  previously  known  analytical  results.  This  method  al¬ 
lows  us  to  obtain  all  these  results  in  a  unified  way  as  extreme 
cases  of  the  same  formula,  and  to  demonstrate  the  tranntion 
from  one  case  to  another;  for  example,  from  the  regime  of  a 
cavity  to  the  regime  of  a  step,  or  from  a  single  cavity  to  a  peri¬ 
odic  array.  The  method  can  be  generalized  to  more  complicated 
geometries. 
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Figure  3.  The  real  part  of  the  longitudioal  impedance 
of  a  tipper,  with  large  p  —  6/a. 


Figure  4.  The  real  part  of  the  longitudinal  impedance 
of  a  t^r,  for  small  (p  —  1)  C  1. 


Figure  5.  The  transition  from  (p- 1)  <  1  to  (p- 1)  ~  I. 
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Abatr^ct 

Tbit  broadband  inopedance  is  described  phenotneno- 
logicaUy  by  e]q;>ansion  over  It  is  shown  that  dif- 
femt  ternos  of  the  expansion  correctly  describe  par¬ 
ticular  iii4>edance>generating  etements.  Hie  broadband 
impedance  and  the  wake  fbnction  of  the  B  factory  [1]  are 
reccmstructed  with  numeric  code  TBCI.  The  losses  at  the 
interaction  region  due  to  excitation  of  the  higher  order 
modes  (HOM)  are  estimated. 

I.  INTRODUCTION 

Inq;>edance  can  be  constructed  as  a  sum  of  narrow- 
and  broad-band  impedances.  The  narrow-band  impedance 
is  typical  for  the  rf  cavities  and  described  in  the  modal 
analysis  as  the  sum 

Z(w)  =  iTlxif - ^ — :-  + - ,  (1) 

V  /  \u-ui  +  iyi  u  +  ui  +  iy,J  ' 

where  X)  <^1  ue  the  loss  factor  and  the  frequency  of 
the  /th  mode  and  the  width  ji  =  ui/2Qi. 

Broadband  impedance  o^n  has  been  described  em¬ 
pirically  as  the  impedance  of  a  single  low-Q  mode,  but  this 
is  ho  more  than  data  fitting,  and  has  no  other  justification. 
Here,  we  further  develop  the  approach  used  by  K.  Bane  in 
his  analysis  of  the  impedance  of  the  SLC  damping  ring  [2]. 

Broadband  impedance  may  be  represented  in  the  form 
of  the  expansion  over  ^/u  (we  imply  the  time  dependence 
exp{-iurt}): 

Z(u)  =  —  iuL  Il(i  + (1  —  i^y/uB 
+  (1  +  i)  Zcy/ Wo  /  w  + . . .  . 

The  coeflicients  L,R,B,Zc  ...  are  real,  as  they  follow 
from  the  analytic  property  of  the  impedance. 

The  first  term  represents  inductive  impedance.  This 
behavior  of  the  impedance  at  low  firequencies  also  can  be 
expected  from  Eq.  (1)  in  the  limit  w  -» 0,  giving  L  = 
—iu  ^(x>/<^f)'  topedance  remains  inductive  for  small 
discontinuities  at  rather  high  frequencies. 

The  second  term  in  the  expansion  (2)  is  the  low- 
frequency  resistive  impedance;  the  third  term  has  the 
structure  of  the  impedance  of  the  resistive  walls;  and 
the  last  term  describes  the  high-frequency  tail  of  the 
impedance  of  the  rf  cavities.  At  hi^  frequencies,  the 
narrow-band  impedance  rolls  off  as  and  is  small  com¬ 
pared  to  the  high-frequency  tail. 


At  the  bunch  frequencies  w/e  s:  I/o’,  this  is  very  close  to 
the  SPEAR  scaling 

Z/n  «  (I)  ,  (3) 

where  h  is  assumed  to  be  equal  to  the  beam-pipe  radius. 

*yfatk  supported  by  Department  of  Energy  contract 
DE-AC03-76SF00516. 


Figure  1.  The  wake  potential  of  a  bellow,  as  given  by 
TBCI.  The  wake  is  typical  for  the  discontinuities,  giving 
inductive  impedance. 


7107A1  s/a 

Figure  2.  Wake  W{$)  in  units  x/(V7pC)  for  the  model 
impedance. 


Simulations  show  that,  for  the  B  factory,  it  is  sufficient 
to  describe  the  impedance  by  three  parameters:  inductance  L, 
resistivity  Rn,  and  the  parameter  Zc-  The  wake  function  for 
these  cases  is  quite  different,  being  proportional  to  the  bunch 
density  p  W(s)  =  4x(/Zn/^o)p(a)  for  constant  Z(w)  =  Rn, 
and  to  the  derivative  W{$)  s  L(d/>(s)/ds)  for  the  inductive 
impedance  [see  Fig.  1].  The  wake  function  in  the  last  case  has 
maximum  and  minimum  at  s  =  ±(r: 


Wins*  —  “Wmin  “ 


v^ire  ( 


(4) 


and  the  loss  factor  is  zero.  The  dependence  W(s)  for  the  last 
term  in  (2)  [see  Fig.  2]  is  quite  similar  to  the  behavior  of  the 
wake  of  the  rf  cavity  given  by  TBCI  [see  Fig.  3]. 
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FiguM  3.  Wake  W(«)  of  the  te*entrant  rf  cavity,  given 
by  TBa. 

la  the  foUowiBg,  we  aanime  R  s  350  m  and  <rszl  cm. 

11.  IMPEDANCE  GENERATING  ELEMENTS 

The  main  aonicee  of  the  impedance  are  20  te-entrant  tf 
cavitiea.  The  net  cornea  from  any  vaiiationa  of  the  croaa- 
section  of  the  beam  pipe  in  the  ring.  Impedance-generating 
elements  pet  1/12  of  the  ting  (12  cells  of  an  ate  and  a  straight 
section)  ate  summarised  in  TaUe  1  (rf  cavities,  a  feedback 
system,  iigection  system,  cdUimators,  and  the  interaction  te- 
l^n  (ni)  have  to  be  taken  into  account,  in  addition  to  the 
elements  ^ven  in  the  taUe).  Some  elements  (lot  example,  di- 
agnostica)  certainly  will  be  added  later.  More  details  of  the 
vacuum  dtamber  may  be  found  in  the  Conceptual  Design  Re¬ 
port  (CDR)  [1]. 


Ihblel 

Average  number  of  the  impedance-generating 
elements  in  1/12  of  the  ring 

Flanges 

60 

BPM 

12 

Vacuum  ports 

24 

Bellows 

12 

Clearing  electrodes 

4 

Valve 

1 

Ihper 

1 

Slots  of  the  distributed  pumps 

3.0  X  10*. 

The  parameter  Zc  has  been  found  from  the  known  loss- 
factors  of  the  low-frequency  modes  and  the  total  Iom  factor 
given  by  TBCI  for  the  re-entrant  rf  cavity.  Reriative-waU 
impedance  was  found  as  the  average  over  the  copper  ellipti¬ 
cal  pipe  in  the  arcs  and  the  round  stainless  steel  pipe  in  the 
straight  sections.  The  impedance  of  inductive  elements  were 
calculated  using  TBCI,  Knrrencqr’s  formula  for  slots  [3],  and 
the  analytic  formula  for  shallow  transitions. 


Kickers  for  the  feedback  sjrstem  and  four-button  BPMs  were 
described  using  results  of  measurements  [4].  The  IR  API- 


ARY7.5E,  generated  by  M.  Sullivan,  is  a  3-dimenaional  struc¬ 
ture  with  a  number  of  tapers  asymmetrically  placed  in  the 
horisontal  and  vertical  planes.  The  impedance  was  estimated 
using  TBCI  with  proper  asimuthal  averaging.  The  wake  field 
found  by  TBCI  corresponds  to  the  inductive  impedance  with 
Z(n)/n  ss  1.8  X  lO***!),  oi  L  ss  2  nH.  The  real  part  ii 
sa^:  KtZ/n  s  12.5  0.  The  total  power  deposition  in  the 
IR  by  two  beams  is 

Ptot  =  e(x>(/+*iV|  +  C,Ar“,) 

with  the  averaged  currents  specified  in  the  CDR,  Ptet  = 
1.77  KW.  The  contribution  from  the  low-energy  beam  is  about 
two  times  the  contribution  of  the  high-energy  beam.  This 
is  very  smaU  compared  to  the  power  deposited  by  the  syn- 
dirotron  radiation  (about  94  kW,  M.  Sullivan  [1]). 

The  Ohmic  losses  are  much  smaller.  Tlie  power  deposi¬ 
tion  per  unit  length  by  a  beam  with  na  bundles  in  the  ring  is 


For  a  berylinm  pipe,  o’  =  3.1  X  10*  b  =  2.5  cm, 

that  gives  0.86  W/cm  for  two  bunches  with  CDR  parameters 
na  =  1658,  =  136  KHs,  Na  =  (4.08  and  5.91  10^°). 

The  power  deposited  in  HOM  will  be  absorbed  mostly  outside 
of  thelR.  The  waves  generated  outside  of  the  IR  and  absorbed 
within  IR  deposit  very  little  energy,  because  the  average  loss 
factor  per  unit  length  outside  of  the  IR  (exdnding  rf  cavities)  is 
much  smaller  than  that  of  the  IR.  Energy  deposition  could  be 
enhanced  substantially  if  there  were  trapped  modes  in  the  IR, 
provided  thdr  wave  lenrth  is  a  multiple  of  the  bunch  spacing. 
We  tried  to  find  the  ti-pped  modes  in  the  structure  which 
reproduces  the  real  structure  within  ±25  cm  from  the  IP  and 
then  is  continued  with  the  straight  pipes.  The  MAFIA  code 
(Kwok  Ko  simulations)  failed  to  find  trapped  modes,  although 
a  single  mode  resembles  such  a  mode  [see  Fig.  4].  This  u  not 
surprising  in  an  open  structure  sudi  as  APIARY7.5E. 


Figure  4.  A  candidate  for  a  trapped  mode  at  the  IR; 
MAFIA  output  (Kwok  Ko). 


The  total  impedance  is 

Z{w)  ss  —in  Im  -1-^10  +  2.55  (1  —  i)  >/n 

5.55  10*  ^  (0)  . 
y/n 

The  real  part  [see  Fig.  5]  is  dominated  by  rf  cavities  and  the 
stainless  steel  resistive  walls.  The  rest  of  the  ring  gives  a 
smaU  contribution  that  can  be  decribed  as  a  constant  resis¬ 
tive  impedance  iZn  =  1170  given  by  bdlows  (75*0),  tapers 
(29.5  0),  and  IR  (12.5  0). 

The  contributions  to  the  inductive  part  of  the  parameter 
Im(Z(n)/n)  are  given  in  Table  2. 

With  the  contingency  Z(n)/n  =  0.03  0  for  the  injec¬ 
tion  system  and  collimators,  the  total  inductive  impedance  is 
Zin)/n  =  0.10  0. 
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Harmonic  Number 


Figure  6.  The  real  part  of  the  longitudinal  impedance. 


'Ihble2 

The  impedance  budget 


BPMs 

0.13  X  10-* 

Vacuum  ports 

0.5  X  10-< 

Bellows 

0.52  X  10-’ 

Flanges 

0.001 

Valves 

0.005 

T^>er 

0.015 

DIP  screen 

0.030 

Feedback  system 

0.0035 

Interaction  region 

0.002 

Iiyection  crotches 

3.5  X  10“* 

Total 

0.07 

The  wake  hinction  ia  ahown  in  Fig.  6.  Figure  7  givea  the 
partial  cootribution  to  the  total  wake  fitom  the  impedaaoea  of 
reaiatiTe  walla  and  the  cavitjr,  and  oorreapondingly,  the  indae- 
tiee  and  teal  parta  of  the  impedance  generated  by  diacontinu* 
itiea,  from  the  ThUe  2. 
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STUDY  OF  A  DETUNED  ACCELERATING  SECTION 
WITH  THE  COMPUTER  PROGRAM  PROGON* 
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Abstr&ct 

The  longitudinal  coupling  impedance  for  a  number  of 
lower  passbands,  bunch  to  bunch  energy  variation  due  to 
longitudinal  wake  fields,  the  beam  loading  compensation, 
some  effects  of  production  errors,  and  the  rf  pulse  trans¬ 
mission  through  a  detuned  disk  loaded  accelerating  section 
with  finite  wall  conductivity  have  been  studied  using  the 
computer  program  PROGON. 

MOTIVATION  AND  METHOD 

The  detuned  accelerating  section  [1]  designed  to  di¬ 
minish  the  undesirable  effects  of  the  transverse  wake  field 
has  been  studied  previously  using  approximate  methods. 
[2]  [3]  Here  these  results  are  confirmed  by  employing  the 
new  computer  code  PROGON  [4]  which  is  based  on  the 
field  matching  technique  for  the  Fourier  harmonics  of  the 
longitudinal  electromagnetic  (EM)  travelling  waves.  The 
geometry  of  the  considered  204  cell  section  is  presented  in 
Fig.  la. 


I  t  1  1  '  1 - 1  n 

- 

b(N) 

(a)  - 

1,1  -1 

a(N) 

_ i _ 1 _ 

_ 1 _ L_ 
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Figure  1.  (a)  The  radii  of  the  Afth  cavity  b{N)  and 
iris  a{N)  for  the  considered  204  cell  section.  The  gaps 
g(N)  =  0.729  cm,  the  iris  thicknesses  l(N)  =  0.149  cm. 
(b)  The  stored  energy  in  the  Nth  cell  W(N).  (c)  The 
relative  group  velocity  in  the  Afth  cell  Vg{N)/c. 


*  Work  supported  by  Department  of  Energy  contract 
DE-AC03-76SF00515. 


ACCELERATING  FIELD 

First,  the  CM  fields  in  the  structure,  the  correspond¬ 
ing  stored  energy  !!'( Af )  per  cell  and  the  power  flow  5; (A') 
through  the  cavity  cross  section  are  found.  These  quan¬ 
tities  define  the  relative  group  velocity  Vg/c  =  Sid/W. 
where  d  is  the  cell  length.  The  stored  energy  W  and  the 
group  velocity  ig  are  plotted  in  Figs.  lb,c,  respectively. 

ERRORS  AND  DAMPING 

Next,  the  effect  of  fabrication  errors  for  infinite  and 
finite  wall  conductivity  on  the  excitation  of  and  propaga¬ 
tion  through  the  section  of  a  cylindrical  accelerating  wave 
with  frequency  /  has  been  studied.  The  absolute  values  of 
the  reflection  R(f)  and  the  transmission  T(f)  coefficients 
are  plotted  in  Fig.  2  for  ‘small’  relative  random  radii  ei- 


4.«3  f  (GHz) 

Figure  2.  The  absolute  values  of  the  reflection  R{f)  and 
the  transmission  T(f)  coefficients:  (a),(b)  ’small'  rela¬ 
tive  random  radii  errors  in  the  range  Aa/a  =  Ab/b  = 
±2.5  •  10“’’:  (c).(d)  ’large’  errors  Aa/a  =  Ab/b  = 
±2.5  ■  10“'’;  (e).(f)  I  he  finite  conductivity  of  the  copper 
walls. 
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Figure  3.  The  real  part  of  the  longitudinal  coupling 
impedance  Ze(f)  for  a  few  lowest  passbands. 


nbucket 


nbucket 


Figure  4.  (a)  The  envelopes  of  the  rf  pulse  at  the  en¬ 
trance  (dashed  curve)  uid  exit  (solid  curve);  (b)  The 
energy  gain  by  a  bunch  in  an  accelerating  wave  with 
power  70.56MW  (curve  1),  the  energy  loss  due  to  wake 
fields  of  the  previous  bunches  (curve  3)  and  their  differ¬ 
ence  (curve  2)  versus  the  bunch  number.  The  number 
of  electrons  is  Np  =  0.7  •  per  bunch,  (c)  A  close  up 
dt  part  of  curve  2  in  Fig.  4b.  (d)  The  effect  of  the  ran- 
dmn  bunch  populatbn  in  the  range  ANp/Np  =  ±3%. 
This  plot  was  obtained  using  ten  different  sets  of  ran- 
dmn  numbers  for  the  same  conditions  as  in  Fig.  4b, c. 


rors  (Figs.  2a,b),  for  ’large’  errors  (Figs.  2c, d),  and  fat  the 
copper  wall  conductivity  (Figs.  2e/)  without  errors. 

COUPLING  IMPEDANCE 

The  real  part  of  the  longitudinal  coupling  impedance 
Zc(f)  is  presented  in  Fig.  3  for  a  few  lower  passbands. 

PULSE  TRANSMISSION 

The  distortion  dT  an  rf  pulse  transmitted  through  the 
detuned  sectitm  with  finite  wall  conductivity  is  illustrated 
in  Fig.  4a  where  the  envelopes  of  the  rf  pulse  at  the 
entrance  (dashed  curve)  and  the  exit  (solid  curve)  are 
plotted  [5]. 

BEAM  LOADING 

The  beam  loading  [6]  for  a  long  train  of  bunches  is  il¬ 
lustrated  in  Fig.  4b  [7].  The  energy  gam  by  a  bunch  in  an 
acceleratmg  wave  with  power  70.56Af  (curve  1),  the  en¬ 
ergy  loss  due  to  wake  fields  of  the  previous  bunches  (curve 
3)  and  their  difference  (curve  2)  are  plotted  versus  the 
bunch  number  for  the  number  of  electrons  Np  =  0.7  •  10*° 
per  bunch.  The  impedance  of  the  first  passband  <Mily  is 
taken  into  account  for  the  wake  field  calculations.  Fig.  4c 
is  a  close  up  of  part  of  curve  2  in  Fig.  4b.  Fig.  4d  illus¬ 
trates  the  effect  of  the  random  bunch  population  in  the 
range  ANp/Np  =  ±3%. 
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Abstract 

The  broad  band  impedance  of  the  vacuum  chamber 
of  the  SPring-8  storage  ring  was  estimated  with  several 
analytical  equations  and  the  numerical  simulation  with 
MAFIA  T2.  The  estimated  value  of  the  total  impedance 
is  a  few  10~*fl. 

The  vacuum  chamber  consists  of  the  beam  chamber  and 
the  slot-isolated  antechamber.  The  effect  of  the  obsta¬ 
cles  in  the  slot  is  estimated  numerically,  which  shows  that 
the  designed  shape  is  effective  to  reduce  the  impedance  of 
them. 


I.  INTRODUCTION 

The  broad  band  impedance  of  the  vacuum  chamber 
of  the  SPring-8  storage  ring,  which  is  a  8GeV  elec¬ 
tron/positron  ring  for  a  high  brilliance  light  source,  should 
be  low  enough  to  get  the  design  current  of  5mA/bunch 
with  less  than  2  times  higher  value  of  the  energy  spread 
than  the  natural.  To  meet  this  requirement,  the  vacuum 
chamber  is  carefully  designed  to  reduce  the  discontinuities 
in  the  beam  chamber. 

The  estimation  of  the  impedance  is  performed  with  some 
theoretical  and  approximated  equations  and  with  the  sim¬ 
ulations  by  MAFIA[2]  T2. 

In  numerical  simulation  with  MAFIA  T2,  the  approxi¬ 
mation  that  the  beam  chamber  has  round  shape  of  20mm 
radius  while  the  real  shape  is  ellipse  of  20mm  x  35mm, 
and  several  modeb  of  the  wake  factions  such  as  cavitylike, 
inductive  and  resistive  are  assumed. 

There  exbt  obstacles  in  the  slot  and  antechamber  such 
as  absorbers,  pumping  holes  and  NEG  stripes.  The  effect 
of  them  are  also  estimated  numerically  with  MAFIA  T3 
and  S3. 


n.  MODEL  WAKE  FUNCTIONS 

The  modeb  of  the  wake  functions  adopted  here  are  cav¬ 
itylike,  inductive  and  resbtive. 

A.  cavity  like 

A  cavitylike  element  b  a  groove  with  a  larger  gap  and 
depth  compared  with  the  wave  length  of  the  wake  field  of 
interest. 

The  theoretical  impedance  of  a  cavitylike  element  of  in¬ 
ner  radius  a  and  gap  g  is[3,  4,  5] 


Zq  1 
2x  a 


(1) 


, where  Zo  =  3770. 

The  impedance  can  be  obtained  with  MAFIA  T2,  as- 
summing  above  frequency  dependence  of  the  impedance. 


Elements 

Number 

Total  Impedance  ^[D] 

Equations 

mzrxifmwm 

RF  cavities 

32 

1.5  X  10®^ 

n^n 

1.3x10®^ 

weldments 

2000 

-0.006i 

flanges 

700 

-0.005i 

ofbets 

2700 

-0.019» 

BPMs 

300 

— 

360 

pump  slots 

6000 

bellows 

400 

-0.0401 

valves 

100 

-0.03i  - 

BPMs 

300 

12 

n 

- 

ID  sections 

40 

-0.018i 

-0.012t 

resistive 

wall 

1.9i^ 

yn 

synchrotron 

radiation 

0.026 

Table  1:  Impedance  of  SPring-S  storage  ring 


with[6] 


Z  =  rfi/4\ 


(2) 


,where  tr  is  the  bunch  length(r.m.s.)  and  ki  is  the  loss 
parameter  which  MAFIA  T2  can  calculate. 

B.  inductive 


The  impedance  of  elements  which  have  the  dbcontinu- 
itirs  of  the  scale  smaller  than  the  wave  bngth  of  the  wake 
field  of  interest  are  inductive. 

The  theoretical  impedance  of  a  small  rectangular  groove 
is[7,  8] 


Z  =  —iw 


Zo  9{<>  -  «) 


(3) 


2xc  a 

,  where  6  b  an  outer  radius  of  the  groove. 

The  impedance  of  a  pair  of  shallow  transitions  is  approx¬ 
imated  with  the  formula[9} 


.  3Zoa{b-a)^  f26\^ 


(4) 


.where  9  is  the  tapering  angle. 

The  impedance  can  be  obtained  with  MAFIA  T2,  as¬ 
suming  above  frequency  dependence,  with[6,  10] 

Z  =  -iu>^<r^W„ar  (5) 

c‘ 

,  where  a  and  Wmai  are  the  bunch  length(r.m.s.)  and  the 
maximum  value  of  the  wake  function  which  MAFIA  T2 
can  calculate,  respectively. 
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C.  ruistipe 

The  simulation  with  MAFIA  T2  shows  that  a  groove 
which  is  deep  eompated  with  the  wave  length  of  the  wake 
field  of  interest  has  resistive  impedance  of  the  form 

Z  =  R  (6) 

,  and  with  this  impedance,  Jt  can  be  obtained  with  MAFIA 
T2  with[6] 

R  =  (7) 

c 

in.  THE  IMPEDANCE  OF  ELEMENTS 

A.  An  RF  cnvHy 

An  RF  cavity  has  the  beam  pipe  of  50mm  radius  and 
the  acceleration  gap  of  220mm  wide.  The  wake  function 
obtained  with  MAFIA  T2  shows  that  it  has  a  cavitylike 
impedance  as  expected. 

B.  A  flange 

The  gap  of  a  flange  is  shielded  with  RF  contact  fingers. 
The  residuiU  discontinuity  is  a  triangle  groove  of  O.Snun 
wide  X  1mm  deep.  The  wake  function  calculated  with 
MAFIA  T2  shows  that  its  impedance  is  inductive  and  the 
value  oS  the  impedance  obtained  with  the  Eq.(5)  is  almost 
half  of  the  theoretical  value  of  the  impedance  of  the  rect¬ 
angular  groove  of  0.5mm  wide  x  1mm  deep,  obtained  with 
Eq.(3). 

C.  A  weldment 

A  weldment  is  designed  to  be  a  rectangular  groove 
smaller  than  0.2nun  wide  x  1mm  deep. 

D.  An  offset 

The  offset  at  the  flange  or  at  the  weldment  are  designed 
to  be  less  than  0.5inm.  This  is  modeled  as  a  step  change 
of  the  radius  of  the  beam  pipe  and  estimated  analytically 
with  Eq.(4)  and  numerically  with  Eq.(5). 

E.  An  insertion  device  section 

A  insertion  device(ID)  section  consists  of  a  pair  of  5  de¬ 
gree  taper  transitions  which  connects  the  normal  section  of 
35mm  radius  and  the  ID  section  of  10mm.  The  impedance 
is  estimated  analytically  with  Eq.(4).  The  wake  function 
calculated  with  MAFIA  T2  shows  that  the  impedance  is 
inductive. 

F.  A  pnmp  slot 

The  pumping  slot  is  a  longitudinal  slot  of  2nun  wide 
X  9mm  long.  The  theoretical  impedance  is  inductive  and 
estimated  with  [3] 


Figure  1:  Cross  section  of  the  vacuum  chamber. 


RF  contact  fingers,  the  impedance  of  the  triangle  groove 
is  estimated  with  Eq.(3)  as  in  the  case  of  the  flange  and 
the  impedance  of  the  sk>t  is  estimated  with  Eq.(8).  and 
the  slots  is  The  wake  function  of  the  deep  groove  calculated 
with  MAFIA  T2  shows  that  its  impedance  is  resistive.  The 
total  impedance  is  estimated  by  the  sum  of  them. 

H.  Shielded  bellows 

Bellows  are  shielded  with  RF  contact  fingers.  The  shape 
of  shielded  bellows  consists  of  an  outward  taper  transition 
of  105mm  long  and  4mm  high,  an  outward  step  of  limn 
high  and  an  inward  taper  transition  of  50mm  long  and 
5mm  high. 

The  wake  function  calculated  with  MAFIA  T2  shows 
that  the  impedance  is  inductive. 

/.  A  beam  position  monitor 
The  button  beam  position  monitor(BPM)  is  coaxial  line 
with  0.5mm  wide  gap.  This  structure  is  modeled  with  a 
deep  groove  of  0.5mm  wide  The  upper  limit  of  the  effect 
of  BPM  can  be  estimated  with  this  model. 

The  wake  function  obtained  with  MAFIA  T2  shows  that 
its  impedance  is  resistive  and  obtained  with  Eq.(7). 

J.  Resistive  wall 

The  resistive  wall  impedance  is  estimated  with  the  equa- 
tion 

Z  =  m 

.where  6  =  y/2/wjIa  is  the  skin  depth. 

K.  Synchrotron  radiation 

The  synchrotron  radiation  impedance  is  estimated  with 
the  equation 

I  =300i  (10) 

n  ti 

.where  b,R  is  the  radius  of  the  vacuum  chamber  and  the 
average  radius  of  the  machine. 


_  . 

~*4(2x)3o2 

,  where  w  is  the  width  of  the  slot. 

G.  A  valve 

Hie  gap  of  a  valve  is  shielded  by  RF  contact  fingers. 
The  valve  consists  of  a  triangle  groove  of  3mm  wide  x 
1mm  deep,  a  deep  groove  of  0.5mm  wide  and  30  longi¬ 
tudinal  slots  of  0.5mm  wide  x  100mm  long  between  the 


IV.  EFFECT  OF  OBSTACLES  IN 
(®)  SLOTS  AND  ANTECHAMBERS 

In  the  slot,  there  exist  absorbers  and  pumping  holes. 
The  effect  of  these  obstacles  in  the  slot  and  antechamber 
is  estimated  numerically  with  MAFIA  T3  and  S3. 

The  typical  crosssection  of  a  vacuum  chamber  are  shown 
in  Fig.l. 

The  structures  used  in  this  simulation  with  MAFIA  T3 
and  S3  are  shown  in  Fig.2  and  Fig.3  .respectively. 
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Wake  Field 


Wall  Current 


Figure  2:  Model  structure  for  MAFIA  T3. 


Figure  3;  Model  structure  for  MAFIA  S3. 


Figure  4:  Relative  strength  of  the  wake  functions(left) 
and  the  wall  current  on  the  end  wall  of  the  8lot(right). 
Depth/Height  is  the  depth  from  the  beam  chamber  nor¬ 
malized  by  the  slot  height. 


With  MAFIA  T3,  which  solves  in  time  domain,  the  wake 
function  was  calculated  f<»  a  test  obstacle,  which  is  a  hole 
ot  lOmm  l(«g  X  lOmm  deep  x  slot  height  high  opened  to 
the  end  wall  of  the  slot. 

The  disturbance  of  the  wall  current  causes  the  wake  field 
hence  the  strength  of  the  wake  field  can  be  estimated  with 
the  strength  of  the  wall  current. 

With  S3,  which  solves  the  electro-static  problems,  the 
wall  current  flowing  at  the  end  wall  of  the  slot  was  calcu¬ 
lated.  The  charge  are  placed  at  the  beam  axis  and  the  in¬ 
duced  charge  on  the  end  wall  of  the  slot  was  calculated  for 
several  height  and  depth  of  the  slot.  This  induced  charge 
is  proportinal  to  the  wall  current. 

The  result  for  several  height  of  siot(10inm,12mm,14mm) 
are  shown  in  Fig.4.  The  relative  strength  of  the  wake  field 
is  parameterized  by  the  peak  value  of  the  wake  functions. 

This  result  shows  that  the  strength  of  the  wake  field  and 
the  wall  current  both  depends  only  on  d  =  depth/height 
and  the  strength  of  the  wake  field  and  the  strength  of  the 
wall  current  2ure  proportional  to  1/<P  and  1/d,  respectively. 

V.  CONCLUSION 

Hie  total  impedance  of  the  SPring-8  storage  ring  is  es¬ 
timated  to  be  of  the  order  of  10~‘n  for  n  =  w/urtv  ~ 
ic/a)/wm  ~  2  X  10^. 

The  numerical  simulatirm  shows  that  the  obstacles  in 
tlw  slot  should  be  at  least  2  x  height  apart  from  the  beam 
chamber  surface  to  reduce  their  effect  and  the  design  of 
the  vacuum  chamber  fulfills  this  requirement.  In  this  de¬ 
sign,  the  width  ot  the  dot  fulfills  height/width  >  4,  which 
is  enough  that  the  effect  ot  the  pumping  system  in  the 
antechamber  is  negligible. 
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Ahsinei 

The  head-on  and  kmg-range  incoherent  tune  shifts  for 
the  Superconducting  Super  Collider  (SSC)  are  estimated 
using  the  numerical  integratimi  of  the  analytical  expression 
coming  from  the  first  order  in  the  perturbation  strength. 
The  variation  of  the  tune  shift  9-  a  function  of  the  displace¬ 
ments  o{  the  charged  particle  in  the  vertical  and  horizon¬ 
tal  planes  is  studied  with  the  nominal  parameters  for  the 
SSC.  A  scaling  expressicm  is  obtained  for  the  parameters 
involved  in  the  beam-beam  tune  shifts,  which  allows  us  to 
predict  the  effect  in  the  incoherent  tune  shift  spread  under 
changes  in  these  parameters. 

I.  INTRODUCTION 

The  tune  shift  spread  (TSS)  in  a  collider  machine  is 
one  of  the  most  inqtortant  parameters  in  its  design  and 
operation.  The  spread  must  be  limited  to  those  values 
that  avoid  crossing  dangerous  resonances  in  the  operation 
tune  space  of  the  machine.  This  crossing  may  produce 
instabilities  in  the  beam,  limiting  the  performance  at  the 
machine  (beam  lifetime  and  luminosity  [1]),  and  creating 
radiaticm  problems  in  the  detectors  thranelves  (beam-halo 
[2]).  Therefore,  it  is  desirable  to  keep  the  TSS  as  small  as 
possible  at  the  SSC.  The  most  important  contribution  to 
the  TSS  comes  from  the  beam-beam  interaction  (head-on 
and  Imig-range).  This  TSS  is  due  to  the  kicks  given  to  the 
particles  in  one  bunch  by  another  bunch  because  of  the 
nonlinear  (in  general)  force  felt  by  the  particles  of  the  two 
interacting  bunches.  One  kick  corresponds  to  the  head-on 
collision  (when  actually  the  two  interacting  bunches  are 
in  the  same  line),  which  produces  a  negative  TSS  in  both 
transverse  directions.  The  other  kick  comes  from  the  long 
range  interaction  in  the  intersection  region  (IR),  where  the 
beams  have  not  yet  been  separated  into  different  beam 
tubes.  Assuming  the  crossing  angle  is  in  the  vertical  plane 
(y),  this  kick  produces  a  negative  tune  shift  in  the  hOTiz<m- 
tal  plane  (x)  and  a  positive  tune  shift  in  the  vertical  plane, 
for  y-aiiq>Iitudes  oscillate  a  little  less  than  the  separation  of 
the  close  orbits  of  the  two  bunches,  Dg.  For  a  beam  with 
Gaussian  dennty  distribution  in  both  transversal  planes, 
the  exact  expression  for  the  tune  shift  experienced  by  a 
test  particle  due  to  head-on  collision  is  well  known  [3]. 
This  expression  will  be  used  in  the  study  of  the  TSS. 

*Opc(ated  bjr  the  Unhenitiee  Reseaidi  Aasociatioii,  Inc.,  fat 
the  U.S.  Department  of  Energy  wider  oontract  No.  DErACSS- 
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11.  ANALYTICAL  APPROXIMATION  FOR 
HEAD  ON  AND  LONG  RANGE  TSS 

In  general,  the  kick  given  to  a  particle  (which  has  hori¬ 
zontal  (z)  and  vertical  (y)  displacement  from  its  own  closed 
orbit)  due  to  beambeam  interaction  is  given  in  the  hori¬ 
zontal  and  vertical  planes  by 

Ax'  =  -(^)^  (1  -  cxp(-rV2<r’))  *  (la) 

and 

Ay*  =  -(^)^  (1  -  exp(-rV2<r»))  (y  H-  D,)  ,  (16) 

where  ^  is  the  Courant-Snyder  beta  function,  <r  is  the  stan¬ 
dard  deviation  in  the  Gaussian  distribution  of  the  particles, 
r  is  defined  by  r’  =  -f  (y-f  D^)^,  and  (  (called  the  tune 
shift  parameter)  is  defined  as  (  =  -^NTf^/ATye*.  N  is  the 
number  of  particles  in  the  bunch,  Vp  is  the  classical  radius 
of  proton  (e*/mc*),  which  has  the  value  1.5348  x  10~^*m, 
and  7  is  the  rdativistic  factor,  7”*  =  y/l  —  v*/c*. 

Out  of  any  resonance,  the  tune  shifts  are  given  at  first 
order  in  the  perturbation  strength  by  Reference  [4]: 

^  =  /  du  [/o(oiu)  -  /i(ox«)] 
s  Jo 

(-1)*  d*/o(a3u)' 

k\{n-k)\  d(a2u)* 

(2a) 
and 

**  fo(oi«)  |fo(o(2«)  -  /i(aa«) 

^  (a,d,«)»"(n  +  1)!  (-1)*  d*fo(aati) 

2"(2n)!  ^t!(„  +  l_ib)!  d(a,ti)» 

~  ™  (-1)*  d*/o(a3u)l 

2'"-i(2m-l)!  |^*!(m-6)!  d(o2«)*  ’ 

(26) 

where  dp  si  Dp/ <r  is  the  relative  separation  between  the 
orbits  of  the  colliding  bunches,  s,-  =  sin(^,)  and  -4- 

2xvit  for  i  =  x,y.  Iy{z)  are  the  Bessel  functions  of  imagi¬ 
nary  argument;  p  and  a's  are  defined  as  p  =  ai-faj-f <^/2 
and  =  af/4,  i  =  x,y. 


_  ,  .  ^  (a.(Lu)^n!  ^ 

n=l  '  '  isO 
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HI.  HEAD-ON  AND  LONG-RANGE  TUNE 
SHIFT  FOR  THE  LOW-)9  IR 


tMag  kbe  «bo*e  «ndytkal  appradmation  and  mak- 
kg  a  mmiwical  iategr^ion  oi  thiM  vxpttmom,  tlw  TSS 
can  be  calculated  for  the  nominal  parametora  of  the  SSC 
coffider.  These  ealeulatiotta  wiU  be  made  mainly  for  the 
km-ff  IR,  but  the  medium-/9  IR  will  be  coiuideted  at  the 
end  of  tya  section  and  in  the  next  section. 


A.  and  Long-Range  Tkne  Shift 

Making  =  0,  the  relative  horiaontal  head-on  tune 
shift  predicted  by  Eq.  (2)  is  shown  in  Figure  1  (for  the 
vertical  case,  Ag  and  A^  are  inverted),  as  a  function  of 
the  aii4>litude8.  Using  the  idation  between  the  beam  sise 
and  the  Curant-Snyder  parameters,  the  beta  function  (0) 
and  the  relative  emittance  (e),  o  =  y/eft/y,  the  tune  shift 
parameter  is  expressed  as 


With  the  nominal  values  for  the  SSC,  N  =  7. 5x  10’  and  e  =: 
10~’m,  the  value  of  the  tune  shift  parameter  obtained  is 
(  ss  —0.000916.  Figure  2  shows  the  TSS  due  to  the  head-on 
case. 

• 

For  the  long-range  tune  shift,  dp  0  and  the  tune 
shift  parameter  (3)  has  to  be  multiplied  by  the  number  of 
long-range  interactions  for  the  two  km-0  IBs,  2(21/50), 
where  Sb  is  the  separation  between  the  colliding  bunches, 
lliis  d^nes  a  new  parameter,  foe  the  long- 

range  tune  shifts.  Using  the  relation  between  the  separ 
ration.  Dp,  the  long-range  interaction  length,  L,  and  the 
crossing  angle,  or  (Dp  =  oiL),  the  relative  closed  orbits 
separation  can  be  written  in  terms  of  the  crossing  angle, 
a  (Dp  —  otL),  the  long-range  interactimi  length,  L,  the 
energy,  7,  and  the  Courant-Snyder  parametors,  0  and  e, 
aa  dp  =  Dpy/yje^  =  aLy/f/e0.  In  additkm,  assuming  a 
pure  drift  space  during  the  k«g-range  interaction,  where 
the  beta  function  k  given  by  0(L)  =  a 

then,  the  rdative  closed  orbit  separation  can  be  written  in 
the  form  dp  =:  ay/0*ye.  For  the  low-/?  IR,  0*—O.5  m,  and 
at  the  hii^est  energy,  y  —  2x  10*,  this  parameter  has  the 
simide  expresskm 


dp  =  lO'o  . 


(4) 


Utnng  the  nmninal  crossing  angle,  a=75  /irad, 
Figure  3  and  Figure  4  show  the  relative  (with  re- 
q>eet  to  (x)  tune  drifts  as  a  fhnctkm  of  the  anqrli- 
tudes  Og  fat  name  Finally,  fw  the  nmninal  values, 
£s75  m  and  5r=5  m  (4L/SB  ss  60  h»g-range  cdUsions), 


the  total  TSS  (head-on  plus  long-range)  is  shown  in  Fig¬ 
ure  S  fiw  the  above  ncnninal  values. 


Figure  1.  Relative  horisontal  head-cm  tune  shift. 
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Figure  2.  Head-on  tune  shift  with  the  nmninal  SSC 
low-5  IR  parameters. 
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Figure  3.  Relative  horisontal  long-range  tune  shift. 
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Figure  4.  Relative  vertical  long-range  tune  shift. 


Figure  5.  Ibtal  TSS  with  one  low-5  IR,  a=75  /an. 


B.  lonf  Ran§e  Tkne  Shift 

Th*  relative  borisMital  long-range  tune  ahiit  teaches 
its  maximum  value  when  the  horisontal  amplitude  is  sero 
and  the  vertical  aiiq|>litude  (almost  true  for  the  vertical 
plane)  has  its  maximum  allowed  value  (a,  =  0  and  Oy  = 
This  observation  helps  to  sinq>ltfy  the  analysis  of 
the  maximum  relative  tune  shift  as  a  fimction  of  the  cross¬ 
ing  angle,  since  the  maximum  tune  shifts  can  be  calculated 
from  the  following  expressions.  (See  Reference  [4].) 


(56) 


where  is  defined  as  s^y  =  — (aJ^^Sy  -I-  dy)’. 

The  maximum  long-range  tune  shifts  expected  for  the 
SSC  as  a  function  of  dy  and  for  several  maximum  ampli¬ 
tudes  dy“  are  shown  in  Figure  6.  In  the  same  way,  the 
maximum  tune  shifts  expected  as  a  function  of  the  maxi¬ 
mum  vertical  amplitude  are  shown  in  Figure  7. 


Figure  6.  Maximum  LRTS  in  one  low-)?  IR,  Or  =  0;  and  1: 
ay— 7j  2*  ay— fij  3*  ay— 5. 


Figure  7.  Maximum  LRTS  in  one  low-)?  IR,  a,  =  0;  and  1: 
0=50  firad;  2:  0=75  fttsd;  3:  o=120  prad. 

IV.  MAXIMUM  TUNE  SHIFT  SCALING 

The  maximum  head-on  tune  shift  has  the  following 
dependence:  (A»/,,y)S^*  -y.  The  maximum  long 

range  tune  shifts  vary,  for  not  very  high  vertical  ampli¬ 
tudes  (oy  <  5dy/6),  as  (At/.)2*"  ~  -Sft{L)/LSBW  and 
(Ai/y)""  ~  +N ■  Therefore,  the  total  max¬ 
imum  tune  shifts  in  the  horizontal  and  vertical  planes  are 

=  +  (6.) 


and 

=  ,  (6») 

where  fi  and  A  are  integration  factors.  Using 

the  approximation  0{L)  L^/S*  and  the  nomi¬ 

nal  values  for  the  SSC  collider,  and  considering  two 
low-)?  amd  two  medium-^?  IR  (niowp  =  nmedp  =  2),  the 
following  scaling  relation  is  obtained  for  the  maximum  hor¬ 
izontal  tune  shift  (similar  relation  for  the  vertical): 

(Ai/,)5?“  =  -0.000916n;iVo/to 
0.0125  ATq  1  1 

SboIo 

where  the  subindex  (o)  in  No,(o,SBo,79,I'e,Sl,ao, 
and  n*  =  rioiowfi  +  nomtd0^  means  its  relative  values  with 
respect  to  the  nominal  {N  =  7.5  x  10®,  <  =  10“*  m, 
5b  =  5  m,  7  =  2  X  10^,  =  75  m  (Lmedp  =  150  m), 

=  0-5  m(/?;;,,j^  =  10  m),  a  =  75  /irad,  and  nj  =  4). 

Making  Oo  >  1.6  (a  >  120  prad)  and  keeping  all  other 
paranKters  equal  to  one,  the  maximum  TSS  can  be  reduced 
to  a  tolerable  value  for  the  SSC  (Figure  8).  Notice  from 
these  expressions  that  collision  at  lower  energies  worsens 
the  long-range  tune  shift. 


I 


Figure  8.  Total  TSS  with  one  low-)?  IR,  a=120  pm. 

V.  CONCLUSIONS 

Using  the  first  approximation  in  the  incoherent  per¬ 
turbative  beam-beam  strength,  the  tune  shift  spread  was 
estimated  for  the  SSC  collider.  The  results  suggests  that 
this  TSS  may  be  large  for  the  SSC  collider  with  the  nomi¬ 
nal  SSC  parameters,  and  the  beam-beam  tune  shift  moves 
toward  or  outward  the  line  Vx  =  Vy  in  the  tune  shift 
space  (depending  of  the  location  of  the  selected  operational 
point).  They  establish  that  by  increasing  the  crossing  an¬ 
gle  up  to  at  least  120prad,  it  is  possible  to  bring  down  the 
TSS  to  tolerable  values  for  the  SSC. 
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Abstract 

Tils  dlwt  of  the  beam-beam  inteiaetion  ia  the  pieeence 
of  mime  in  the  czab  eompeneatkm  for  a  eioeeuig  angle  k 
shown  to  be  aqrmmetrie  with  respect  to  both  beams.  A 
ewnpaikon  with  eqpmience  at  CESR  with  colliding  beams 
with  dkpeisioa  inihcates  that  the  tderances  for  the  crab 
compensation  ate  not  stringent. 

Introduction 

In  terms  of  the  beam-beam  interaction,  the  parameters 
nnder  which  the  Cota^  B-&etory  CESR-B  would  oper¬ 
ate  correspond  appcoadmately  to  parameters  under  which 
the  present  CESR  storage  ting  k  currently  running.  There 
is,  however,  <me  exceptioa.  The  CESR-B  design  calk  for 
a  24  mtad  fall  crossing  aa^e  9ero»t  with  transverse  ‘crab* 
e<»ipensation  in  which  a  pair  of  RF  cavities  are  used  to 
pve  a  time-varying  sideways  kick  to  a  bunch  as  it  passes 
through  either  eavity[l].  Vi^th  ‘perfect*  crab  compensa- 
ticm  the  bandies  of  ea^  beam  would  be  tilted  at  the  IP 
by  an  aa|^  der»  =  4erM«/2.  In  thk  case,  the  beam-beam 
kick  k  modified  by  n  fiKtor  eos^(fier(M«)  [2]>  Thk  change  in 
kkk  k  independent  of  position  and  thus  with  perfect  crab 
compensation  an  angle  crossing  would  not  exdte  any  ad¬ 
ditional  syiKhrobetatron  resonances.  The  problems  with 
a  crab  compensation  scheme  are  therefore  caused  by  im¬ 
perfections  in  the  compensation.  These  errors  can  come 
fiom  various  sources.  Poasilnlities  indude  errors  in  the  be¬ 
tatron  fdiase  advance  from  the  crab  cavities  to  the  IP,  the 
finite  wavdength  of  the  crab  cavity  RF,  etc.  The  purpose 
of  thk  paper  k  to  explore  the  effect  upon  the  beam-beam 
interaction  due  to  imperfections  in  the  crab  compensation 
sehmne  proposed  for  CESR-B. 

Theory- 

In  the  ‘weak-strong*  picture  of  the  beam-beam  interac¬ 
tion  one  beam  (the  ‘strong*  beam)  k  held  fixed  in  shape 
whBe  partides  of  the  ‘weak*  beam  are  allowed  to  interact 
with  the  first  beam.  The  beam-beam  interaction  can  be 
described  by  an  Interaction  Hamiltimian  ff/.  For  head-on 
coBsions  with  sero  aa|^  crossing  and  no  rablmig 

MS-OO 

«p[-(2..(()  +  .)V(J^)l,(l) 
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where  o,  k  the  strong  bunch  length,  n  k  the  revdntion 
number,  a,  y,  and  x  are  the  transverse  and  longitudinal 
dkplaeemeats  a  weak  beam  particle,  k  the  unmalked 
potential,  and  «■(<)  k  the  olbet,  of  the  center  of  the  weak 
bunch  from  the  IP  on  the  revolution 

•n{*)  =  Ct  ~  nao  ,  (2) 

with  So  being  the  ring  drcnmference.  The  normalisation 
factor  I  k  given  by  with  £.  being  the  horisontal 

beam-beam  strength  parameter,  <r,  k  the  strong  beam 
horisontal  width,  and  /9^(s)  k  the  horisontal  beta  Auction. 

The  arguments  of  are  the  transverse  dfeets  from 

the  centerline  of  the  strong  bunch.  With  head-on  eoOkions 
these  olfeets  are  just  due  to  the  betatron  oscillations  dk- 
idaeements  and  y^.  With  a  finite  crossing  angle  or  a 
fimte  crab  anf^  in  the  horisontal  idane  the  horisontal  off¬ 
set  k  now  dependent  upon  s^  and  x  as  shown  in  Fignte  1. 
The  potential  V  in  equation  (1)  must  be  /eidaced  by 

9crot§  •  (••  +  *)-  (S) 

fieri,*  •  (2*e  +  *)  ~  fieri, •  •  •*»  Ik)  » 

where  Aod  fi«r*,«  wre  the  crab  angles  of  the  strong 
beam  and  weak  beam  respectivdy.  V  k  now  dependent 
upon  X  which  indicates  that  synchrobetatron  resonances 
wiD  be  exdted.  Perfect  crabbing  k  seen  to  be  achieved 
when  the  x  dependence  k  diminated  in  V.  Thk  k  achieved 
when  j 

fierl,«  =  fieri,*  =  •  (4) 

Simulation  Program 

The  simnlation  program  used  for  thk  report  k  a  version 
of  the  program  dev^ped  by  Bob  Siemann  and  Srinivas 
Ktkhnagopal[S]  modified  to  include  crab  compensation. 
Btkfiy,  the  program  k  a  full  3-dimensional  tradiag  sim- 
ulation.  Outside  of  the  IR  transport  k  linear  with  fluctu¬ 
ation  and  radiation  damping  effects  included.  At  the  IR 
the  dependence  of  the  strong  beam  sue  upon  the  quadratk 
variation  of  the  horisontal  and  vertical  betas  k  taken  into 
account.  For  the  beam-beam  interaction  the  strong  beam 
k  divided  into  5  equal  charge  slices.  Particles  of  the  weak 
beam  are  kicked  as  they  move  past  the  centers  of  the  slices 
and  between  kicks  particles  are  propagated  freely.  At  the 
crab  cavities  the  finite  wavdmigth  of  the  RF  k  taken  into 
account.  Between  the  crab  cavities  and  the  IP  and  in  the 
arc  horisontal  chromaticity  effects  are  included.  A  par¬ 
tial  input  parameter  hst  used  by  the  simulation  program 
k  given  in  IkUe  1.  With  the  given  parameters  the  tune 
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Figure  1:  Beam-Beam  intetactioa  with  a  cioaamg  angle 
and  crabbing. 


shifU  dne  to  the  strong  beam  were  ^  =  0.03.  200  par- 

tides  were  tracked  in  the  simulation.  The  partkles  were  al¬ 
lowed  to  equilibrate  for  3  transverse  damping  times  (16,000 
turns)  and  after  this  the  average  weak  beam  sises  in  the 
horisontal  and  vertical  planes  were  calculated  unng  the 
particle’s  coordinates  over  the  next  7,000  turns. 

Figures  2  and  3  show  the  effect  of  varying  the  weak  and 
strong  crabbing  angles  in  the  presence  of  a  24  mrad  cross¬ 
ing  angle.  In  the  figures  is  tltc  normalised  voltage  of 
the  crab  cavities  for  the  weak  beam.  is  proportional 
to  dcrk,«  with  the  normalisation  such  that  that  with  no 
other  compensation  errors  =  1  gives  a  perfect  crab 
angle  of  deroff /2.  In  each  figure  the  beam  sises  have  been 
normalised  by  the  initial  beam  sises  Wso  and  Wyo  that  the 
weak  beam  would  have  without  the  beam-beam  interac¬ 
tion. 

Figure  2  shows  the  effect  of  varying  the  weak  crab  angk 
while  the  strong  beam  is  maintained  at  a  perfect  crab  angle 
of  12  mrad.  Figure  2  shows  a  steady  increase  in  beam  nse 
with  increasing  deviation  of  &om  a  value  of  1.  This 
is  to  be  compared  with  Figure  3  in  which  is  held 

constant  at  1  and  the  strong  crab  angle  is  allowed  to  vary. 
Figure  3  shows  that  the  beam  sises  are  virtually  indepen¬ 
dent  of  der*,»-  This  result  can  be  explained  in  part  with 
the  help  of  equation  (3):  Consider  the  horisontal  oiftet 
of  a  partide  from  the  strong  beam  centerline  as  it  passes 
a  ^ven  section  of  the  strong  beam  located  a  longitudinal 
distance  z,  from  the  center  of  the  strong  beam.  When  the 
particle  passes  this  section  one  has  (cf.  Figure  1) 

Zt=2$n+Z.  (6) 

Thus  the  horisontal  olbet  term  in  equation  (3)  involving 
der»,«  ean  be  rewritten  as 

der*,.  •  (2s„  +  *)  =  9erb,,  •  Z,  .  (6) 


Parameter 

Symbol 

Nom.  Value 

Ikans.  daimwiig 

izmmp 

2  •  10~*/tum 

Hons,  emittance 

e. 

1.3  - 10-^  m 

Vert,  mittance 

1.96  •  10-"  m 

IP  Horis.  beta 

fi*(ip 

1.00  m 

IP  Vert.  beU 

0.016  m 

Synch,  tune 

Q. 

0.086 

Horis.  tune 

Q. 

0.632 

Vert,  tune 

Qz 

0.687 

Strong  bunch  length 

0.01  m 

Weak  bunch  length 

<Zt,weak 

0.01  m 

Crossing  angle 

9eron 

0.024  rad 

Crab  RF  vravelength 

^RF 

0.6  m 

IP  Dispersion 

Strong  beam  Current 

*Ky) 

I§trong 

0.0  m 

3.78  mA 

Tmt  particle  number 

^hf»Tticle 

200 

Horis.  chromaticity 

Q'x.tot 

2 

IP  to  cavities  chrom. 

Q*,erb—ip 

-6 

TaUe  1:  Simulation  Program  Partial  Parameter  List 


This  part  of  the  horisontal  ofiMt  is  independent  of  z.  That 
is  to  say,  as  far  as  the  strong  crab  angle  is  concerned,  the 
synchrotron  motion  does  not  produce  any  ampHtnde  mod¬ 
ulation  of  the  beam-beam  interaction.  There  is,  on  the 
other  hand,  betatron  phase  modulation  of  the  beam-beam 
interaction  dne  to  the  $erb,*  term  and  this  does  lead  to  syn¬ 
chrobetatron  resonances.  For  CESR-B  conditions,  how¬ 
ever,  these  phase  modnlation  driven  resonances  onfy  have 
a  small  effect  on  the  beam.  In  (act,  in  the  limit  of  large  fit, 
where  the  phase  advance  across  the  IR  is  negligible,  there 
ate  no  first  order  resonances  associated  with  de,»..[4].  Of 
course,  the  above  results  do  not  preclude  the  possibility  of 
the  resonances  associated  with  der*,»  having  an  apprecia¬ 
ble  effect  under  different  conditions  (e.y.  with  small  beta’s, 
etc.).  However,  for  CESR-B,  the  a^ve  results  show  that 
there  will  be  an  asymmetry  between  the  effect  that  a  crab- 
Inng  error  of  one  beam  will  have  upon  the  two  beams. 

Comparison  with  Dispersion 

One  important  question  to  answer  is  how  the  synchrobe¬ 
tatron  resonances  scale  with  variations  in  beam  sigmas, 
etc.  An  analyra  of  the  interaction  Hamiltonian  (eq  (1)) 
shows  that  for  equally  sised  beams  there  are  6  independent 
parameters  that  determine  the  resonance  strengths[4].  In 
practice  one  would  like  to  have  a  single  overall  'l^nre  of 
demerit’  for  imperfections  in  a  crab  compensation  scheme. 
For  beams  of  equal  sise  and  equal  crab  angles,  a  ‘natural’ 
scaling  parameter  is  Ke  defined  by 

K  =  ~  2dert)g'x  /j\ 

'  ~  O*  ~  <r,  '  ^ 

The  numerator  of  the  RHS  of  equation  (7)  is  the  length 
scale  of  the  (time  varying)  displacement  of  a  particle  of 
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Figmc  2:  W«ak  beam  mms  m  a  fiinctioa  of  the  weak  beam 
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FignieS:  Weak  beam  sises  as  a  function  of  the  strong  beam 
crab  angk  with  no  error  in  the  weak  beam  crab  cavity 
voltage. 


one  bunch  fiom  the  centerline  of  the  other  bunch  due  to 
errors  in  the  crab  compensation.  The  denominator  of  the 
RHS  of  (7)  is  the  charaeteristie  length  scale  upon  which  the 
beam-beam  force  varies.  iCe  is  thus  a  measure  of  the  mod¬ 
ulation  of  the  beam-beam  force  due  to  any  compensation 
errors. 

An  analjrsis  of  figures  2  and  3  show  that  in  the  simnlar 
tions  if  the  crab  compensation  errors  obey  Ke  ^  0.1  the 
eflect  on  the  beam  sises  of  imperfections  in  the  compen¬ 
sation  is  small.  Additional  evidence  for  setting  a  bound 
of  Ke  ^  0.1  comes  from  the  operating  experience  of  the 
CESR  ring  with  a  finite  dispersion  at  the  IP.  While  there 
is,  in  general,  no  strict  equivalence  between  the  effect  of 
finite  dispersion  and  the  efiect  of  a  finite  crosdng  angle, 
there  is  a  spedal  ease  within  the  weak-strong  framework 
where  there  is  a  diteet  proportionality  between  the  two. 
This  happens  when  both  b^ms  are  crabbed  at  the  same 
an^  and 

(^erM«  —  fibers)  "  ^  ^*,itrong  i  OOd  (8) 

^M,»trcmg  +  0*,w«MiS  ^  A  »  (fi) 


II  Paiam 

Typ.  Value 

1  Param 

Typ.  Value 

lES 

0 

1 

1.00  m 

6 • 10-* 

o 

■ 

0.015  m 

E3HH 

1.7  cm 

IE3 

0 

■ 

0.5  m 

msm 

5 • 10”^  m 

IE959 

0.03 

io0fl 

1.2  •  10-®  m 

0.02 

2 • 10-^  m 

iwsm 

igmma 

ji _ 

1 • 10-"  m 

Table  2:  ’Typical*  CESR  Parameters  for  operation  With 
Dispersion  at  the  IP 


where  equation  (8)  is  needed  so  that  the  beam-beam  in¬ 
teraction  can  be  treated  as  a  single  kick  and  equation  (0) 
is  needed  so  that  one  can  n^lect  the  phase  advance  across 
the  IR.  In  this  case  the  correspondence  between  dispersion 
and  a  crossing  angle  is  given  by[5] 

=  (10) 

where  a'p^,weak  i>  the  weak  beam  energy  sigma.  Using  val¬ 
ues  ‘typi^*  for  CESR  conditions  with  dispersion  at  the  IP 
as  given  in  Thble  2,  equation  (10)  gives  an  equivalent  derr 
of  about  17  mrad.  For  CESR  one  then  finds  the  equivalent 
Ke  to  be  0.6.  Considering  that  the  inequalities  in  equar 
tions  (8)  and  (9)  are  not  satisfied  one  is  cautioned  to  take 
the  above  comparison  with  a  grain  of  salt,  frnperfoet  as 
the  comparison  is,  however,  does  give  one  greater  confi¬ 
dence  that  a  bound  of  Ke  0.1  is  sufficient  to  ensure  the 
operation  of  CESR-B. 

Given  the  bound  Ke  ^  0.1  with  CESR-B  conditions  this 
gives  an  allowable  crab  angle  error  68er»  of 

^?2^^0.3.  (11) 

“crh 

This  bound  can  be  translated  into  an  error  budget  for  pa- 
rameten  such  as  betatron  phase  advances,  etc.  An  analysis 
[4]  shows  that  rather  large  parameter  errors  are  needed  to 
violate  equation  (11). 
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Abstract 

The  beam-beam  effect  in  a  linac/ring  B  factory  is  stud¬ 
ied  here  using  strong-strong  simulation  baaed  on  a  macro¬ 
particle  model.  Included  in  the  ring  dynamics  are  the  lin¬ 
ear  betatron  oscillation  and  synchrotron  motion;  as  well  as 
the  transverse  and  longitudinal  damping  and  quantum  ex¬ 
citation.  As  a  benchmarking  test,  the  coherent  quadruple 
effect  in  a  ring/ring  collider  was  observed  by  the  simula¬ 
tion.  The  simulation  shows  that  in  a  linac/ring  collider,  the 
stability  of  the  storage  ring  bunch  is  strongly  affected  by 
the  synchro-betatron  coupling  induced  by  the  deep  enve¬ 
lope  modulation  of  the  highly  disrupted  linac  bunch.  How¬ 
ever,  with  the  initial  conditions  for  the  linac  bunch  prop¬ 
erly  chosen,  the  beam-beam  tune  shift  limit  of  the  ring 
bunch  can  be  made  comparable  with  that  for  a  ring/ring 
collider. 

Introduction 

The  intrinsic  nonlinearity  in  the  beam-beam  interaction 
sets  a  limit  on  the  achievable  beam-beam  tune  shift,  which 
is  typically  around  0.06  for  ring/ring  colliders,  above  which 
the  beam  will  start  to  blow  up  to  larger  equilibrium  bunch 
sizes  in  a  few  damping  times.  This  beam-beam  effect  is 
primarily  responsible  for  the  limitation  on  the  observed  lu¬ 
minosity.  The  idea  of  a  linac/ring  B  factory  is  propoeed[l] 
such  that  the  beam  is  stored  in  a  ring,  and  the  e~ 
bunches  in  the  linac  are  not  recycled  after  each  collision. 
It  is  expected  that  the  limits  on  the  beam-beam  tune  shifts 
for  the  e~  beam  can  then  be  loosened.  However,  at  the  re¬ 
quired  luminosity,  the  relatively  low  average-beam-current 
capability  of  linacs  compared  to  a  storage  ring’s  implies 
low  emittance[2]  and  hence  leads  to  high  disruption  for 
the  e~  beam,  llie  beam-beam  dynamics  experienced  by 
the  positron  bunch  is  therefore  disparate  from  that  in  a 
ring/ring  collider.  Thus  it  is  important  to  study  the  beam- 
beam  tune  shift  limit  for  the  e'*'  beam  in  the  linac/ring 
dynamical  system. 

Beam-Beam  Interaction  Model 

In  this  study,  the  finite  size  macro-particle  model[3,  4] 
is  employed  to  simulate  the  beam-beam  interaction  in  a 
strong-strong  manner.  This  model  does  not  impose  any 
restriction  on  the  charge  distribution  of  the  beams  under 
study. 

At  the  IR  of  an  e'*'e~  collider,  the  two  relativistic  beams 
exert  Lorentz  forces  on  each  other  only  in  the  transverse  di¬ 
rections.  This  allows  us  to  divide  each  bunch  longitudinally 
into  many  slices,  with  the  width  of  a  slice  corresponding  to 

'Supported  by  D.O.E.  contract  #DE-AC05-84ER40150 


the  longitudinal  step  size  over  which  the  charged  particles 
are  advanced  in  the  collisions.  In  the  simulation,  each  slice 
is  populated  with  macro-particles.  The  macro-particles 
in  the  two  colliding  beams  experience  mutual  forces  only 
when  their  corresponding  slices  overlap.  For  the  simular 
tion  of  interactions  of  elliptical  beams,  the  macro-particles 
in  a  beam  themselves  have  Gaussian  charge  distribution, 
with  their  aspect  ratio  comparable  to  the  aspect  ratio  of 
the  beam.  The  number  and  sizes  of  the  macro-particles  in 
each  slice  should  be  chosen  to  ensure  sufficient  overlap  of 
the  macros  in  order  to  suppress  the  collisional  effect  due  to 
the  finite  number  of  macro-particles  used  in  the  simulation. 

In  the  code,  the  force  on  each  macro-particle  is  com¬ 
puted  by  direct  Coulomb  sum  over  the  forces  acting  on 
the  macro  generated  by  all  the  macros  in  the  overlapping 
slice  of  the  approaching  beam.  The  total  luminosity  is  then 
obtained  by  the  sum  over  the  luminosity  for  each  interac¬ 
tion  pair  at  each  time  step[5].  Here,  the  electric  fields  on 
a  two-dimensional  grid,  generated  by  a  Gaussian  macro¬ 
particle  with  given  aspect  ratio,  are  obtained  in  terms  of 
the  complex  error  functions[6]  and  stored  in  a  table.  The 
mutual  force  for  each  interaction  psdr  of  macros  is  then 
readily  calculated  by  interpolating  data  from  the  lookup 
table.  To  properly  describe  the  evolution  of  beam  sizes 
with  time,  especially  the  pinching  effect  of  the  e~  beam 
&om  the  linac,  the  sizes  of  the  macros  in  each  slice  of  a 
bunch  are  set  to  vary  proportionally  as  the  rms  sizes  of 
the  slice  evolve  in  each  step  of  a  collision.  Here  the  ratio 
of  the  macro-particle  size  to  the  corresponding  slice  size  is 
chosen  to  be  r  =  0.5.  Smaller  macro  size  has  been  used 
occasionally  for  error  estimation.  Simulation  results  are 
insensitive  to  the  macro  size  as  long  as  1. 

A  Benchmarking  Test 

The  coherent  quadruple  beam-beam  effect  in  a  ring/ring 
collider  is  a  proper  candidate  for  the  benchmarking  of 
beam-beam  simulation  codes[7].  The  phenomenon  was 
predicted  by  Chao  and  Ruth  using  a  linearized  Vlasov 
equation,  and  was  first  observed  by  Krishnagopal  and  Sie- 
mann  in  beam-beam  simulation.  It  has  the  remarkable 
feature  that  at  tunes  just  below  the  quarter-integer,  the 
beam  distributions  oscillate  in  an  anti-correlated  manner 
with  period  2. 

As  a  benchmarking  test  for  our  simulation,  we  use  pa¬ 
rameters  shown  in  Table  1.  Here  the  two  beams  are  round 
in  the  transverse  plane  and  have  no  longitudinal  length. 
The  anti-correlated  oscillation  of  beam  sizes  vrith  period 
2  is  clearly  demonstrated  in  Fig.  1.  Tbses  results  agree 
well  with  the  previous  results[8]  obtained  using  completely 
different  simulation  algorithms. 
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1:  Parameter  List  in  Simulation  of  Coherent 
Quadruple  Effect  as  a  Benchmarking  Teat 


5.3  GeV 

Revolution  Period  (To) 

2.56  fa 

TVansverse  Emittances  (e,  s  Cy) 

1  X  10^  m 

Amplitude  Functions  (/^  =  /^) 

3  cm 

Betatron  Tunes  (Q,  =  Qy) 

0.72 

Damping  Decrement  (S) 

1  X  10-** 

Current  (/) 

35  mA 

Nominal  BMm-Beam  Parameter  ((o) 

0.121 

Number  of  Test  Particles 

300 

Baani  Blowup  Factor  vi.  Number  of  Tbmi 


Figure  1:  Results  of  coherent  quadruple  effect  in  a 
ring/ring  collider  with  parameters  given  in  Table  1. 

Beam*Beam  Effects  in  a  Linac/Ring  Scheme 

The  parameter  list  shown  in  Table  2  [9]  is  used  in  our 
simulation  for  the  study  of  the  beam-beam  effect  in  a 
linac/ring  colliding  scheme.  Notice  that  the  proposed  nom¬ 
inal  luminosity  is  £o  =  1  x  10^  >  with  the  nominal  vertical 
beam-beam  tune  shift  for  the  e***  beam  being  =  0.056 
and  the  nominal  vertical  disruption  parameter  for  the  e'~ 
beam  being  i7y-,o  =  273.7.  The  simulation-related  param¬ 
eters  are  listed  in  Table  3. 

In  the  simulation,  the  e***  beam  is  circulated  in  the  stor¬ 
age  ring,  experiencing  beam-beam  collisions  at  IP  once  a 
turn  with  a  new  e~  bunch.  The  ring  dynamics  includes  lin¬ 
ear  betatron  oscillations,  synchrotron  oscillations,  as  well 
as  damping  and  diffusion  in  all  three  dimensions  [10].  The 
initial  distribution  of  macro-particles  in  the  e*  bunches  is 
3-D  Gaussian  with  the  nominal  beam  sizes.  The  precol¬ 
lision  charge  distributions  for  the  e~  bunches  are  trws- 
versely  Gaussian  and  longitudinally  parabolic.  In  Fig.  2 
we  show  the  variation  of  the  vertical  rms  size  for  each  e~ 
slice  through  the  e*^  bunch  during  the  first  collision.  The 
formation  of  pinches  when  the  e~  macros  oscillate  through 
the  e***  bunch  can  be  clearly  seen  as  the  effect  of  the  high 
disruption  of  the  e~  beam.  This  will  induce  (1)  stronger 
nonlinearity  and  (2)  stronger  synchro-betatron  coupling 
compared  to  the  case  of  a  ring/ring  collider.  The  con¬ 
sequent  blowup  of  the  vertical  bunch  size  for  the  e***  beam 
is  shown  in  Fig.  3,  which  reaches  an  equilibrium  value  in 
about  three  damping  times. 


Table  2;  Linac/Ring  B-Factory  Parameter  List 


LinacCe") 

J  iRTTfUMl 

E.  =  3.5  GeV 

JV_  =  0.544  X  10» 

E+  =  8.0  GeV 

N+  =  6.1  X  10" 

fc  =  20.0  MHz 

ng  =  30 

fr_,o  =  5.75  nm 
£y-,o  =  0.37  nm 

fr+.o  =  5.75  nm 

0  =  0.057  nm 

—  3-32  mm 
i8j_,o  =  3.33  mm 
<rl_o  =  4.37/im 
=  1.11/im 
<Tx-  =  2.64  mm 
Dc_,o  =  69.6 

^^  0  ~  3.33  mm 
~  21.55  mm 
=  4.37/im 
=  lll/im 
(Tx+  =  3.3  mm 

1/,  =  0.07 

Dy_.o  =  273.7 

Tf  =  0.9  msec 

Ty  =  2.4  msec 

Tf  =  6.9  msec 

6+,o  =  0.002 
^»+.o  =  0.056 

Co  =  1.1  X  1( 

)^cm-W-^ 

Table  3:  Parameters  for  Simulation  Model 


Number  of  Slices 

Number  of  Macros 

45 

360  1000 

Aspect  Ratio  o(  Macros 
Size  of  Macros 

3.93 

0.5  X  beam  sizes 

Figure  2:  Variation  of  the  vertical  rms  size  for  the  e~  slices 
in  the  y—z  plane  in  the  rest  frame  of  the  e'*'  bunch  without 
matching. 


Hi 


Figure  3:  Beam  blowup  for  the  e*  beam  during  5000  turns 
for  parameters  in  Table  2. 
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Figure  4:  Variation  of  the  vertical  mu  siie  for  the  e~  slices 
in  the  y  —  x  plane  in  the  rest  frame  of  the  e'*'  bunch  with 
matching. 

To  reduce  the  effect  of  pinches,  a  matching  scheme  was 
developed  by  S.  Heifets[9],  where  the  transverse  bunch  sizes 
for  the  e~  and  e***  betun  are  set  to  be  equal  at  IP  and 
then  the  matched  e~  bunches  are  tracked  back  to  the  be¬ 
ginning  of  the  interaction  region.  The  pre-collision  phase 
space  distribution  of  the  e~  macros  thus  chosen  allows 
the  spreading  out  of  the  focusing  points  and  produces  a 
much  smoother  envelope  distribution  for  the  e~  bunches, 
as  shown  in  Fig.  4.  The  long-term  behavior  of  the  e*  beam, 
similar  to  that  in  Fig.  3,  can  also  be  obtained  in  the  case 
of  matching. 

We  then  proceed  to  study  the  beam-beam  effect  for  both 
matched  and  unmatched  cases  by  varying  {y.|.,o  while  fixing 
Dy_,o.  The  dependence  of  the  equUibrium  values  of  the 
beam  blowup  factor  and  the  luminosity  with  respect  to 
is  shown  in  Fig.  5.  As  shown  in  Fig.  5(a),  for  the  non¬ 
matching  case,  the  beam  starts  to  blowup  around  ^,.^,0  s 
0.02,  whereas  the  blowup  takes  place  around  ^y+,o  =  0.05 
if  matching  applies.  In  Fig.  5(b),  it  is  shown  that  for 
above  the  value  of  0.06,  the  luminosity  in  the  matching  case 
increases  slowly  with  values  larger  than  the  saturated  value 
in  the  non-matching  case.  The  above  comparison  of  the 
beam-beam  effect  with  and  without  matching  manifests 
the  effect  of  envelope  modulation  of  the  e~  beam. 

The  above  results  are  obtained  for  the  fractional  betar 
tron  tune  (Qa,Qy)  =  (0.64,0.54)  for  the  e***  beam  in  the 
storage  ring.  Further  investigation  shows  that  for  the  high- 
disruption  case  without  matching,  the  above  beam  blowup 
occurs  over  almost  all  the  tune  plane.  This  agrees  with 
the  results  obtained  by  Gerasimov  [11]  using  weak-strong 
simulation  with  envelope-modulated  electron  bunches. 

EffSact  of  Jitter 

The  effects  of  the  wliite  noise  jitters  for  the  linac  beam 
has  been  estimated  analytically[12]  using  a  linear  model, 
and  simulated[13]  using  weak-strong  simulation  without 
damping.  Previous  results  shows  that  the  required  jitter 
tolerences  are  at  the  margin  of  the  precision  of  the  mear 
surement.  Here  the  effect  of  10%  intensity  jitter  in  the  linac 
beam  on  the  stability  of  the  storage  ring  beam  is  also  tested 
using  our  strong-strong  simulation.  With  the  inclusion  of 
all  the  possible  dynamics  in  the  simulation,  the  predicted 
extranely  unstable  situation  for  the  positron  bunch  is  not 
observed. 


(b)  I  ■Mlaniliy  ««■  MiimHiI  Ttm  Mft 


Figure  5:  Results  of  beam-beam  effect  for  a  linac/ring  B 
factory  using  parameters  in  Table  2.  Here  is  changed 
by  varying  only  the  electron  current. 
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Introduction 

In  this  p^>ei  we  develop  a  Uneai  model  of  the  long  range 
beam-beam  tune  shift  for  cases  when  the  electron  and 
position  oiUts  are  separated  at  all  crossing  points  [4]. 
Theoretical  conndeiations  show  that  the  tones  of  coher¬ 
ent  beam-beam  modes  depend  crociaOy  on  the  betatron 
phase  advance  between  crossing  points.  Under  certain  con¬ 
ditions  the  tune  split  ms^  be  reduced,  or  even  made  equal 
to  seio  in  spite  of  a  strong  beam-beam  interaction.  Mea¬ 
surements  of  coherent  beam-beam  modes  were  made  at 
CESR.  In  most  cases,  the  experimental  results  are  in  good 
agreement  with  the  linear  model. 

The  behavior  of  coherent  beam-beam  modes  was  exam¬ 
ined  theoieticaQy,  taking  into  account  the  coherent  tune 
shift  caused  by  impedance  effects.  As  in  [2]  we  form  the 
single  turn  matrix  describing  the  bunch  centroid  motion 
and  evaluate  the  eigenvalues.  In  the  simplest  case,  this 
motion  includes  the  linear  transport  through  the  magnetic 
lattice,  for  which  betatron  phase  advance  does  not  depend 
on  a  bunch  current,  followed  bf  long  range  beam-beam 
‘kick*  in  the  lin**-*!  approximation.  The  measurements  and 
comparisons  with  model  predictions  are  discussed  in  the 
final  section. 

This  work  was  motivated  by  the  CESR  upgrade  pro¬ 
gram  [1].  A  central  part  of  this  program  is  to  increase  the 
average  stored  beam  current  by  forming  multiple  trains  of 
bunches.  However,  it  is  not  possible  to  get  large  enough 
separation  at  aU  crossing  points  to  be  able  to  ignore  the 
long  range  beam-beam  interaction  because  the  length  of 
each  train  is  comparable  with  a  half  betatron  wavelength. 


Long  range  beam-beam  interaction 
in  the  linear  approximation 

We  annme  the  separation  distances  at  the  crossing  points 
are  large  enough  compared  with  the  beam  sises  that  the 
Uneai  approximation  of  the  beam-beam  kick  angle  does 
not  contain  terms  significant  terms  coupling  vertical  and 
horisontal  motion.  Likewise,  we  assume  the  Uneai  trans¬ 
port  between  crossing  points  does  not  indnde  coupling  and 
therefore  develop  only  a  one  dimensional  model. 

Considei  the  simplest  case  of  one  bunch  per  beam  and 
refer  to  figure  1.  The  election  and  position  bunches  should 

*Wbrk  lapported  by  the  National  Science  Foundation 
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Figure  1:  Elections  in  bunch  hi  interact  with  positions  in 
bunch  bj  at  positions  A  and  B.  The  phase  advance  along 
arc  e  may  be  different  from  the  phase  advance  along  arc 
d. 


interact  with  each  other  only  at  two  points  A  and  B  lo¬ 
cated  at  the  opposite  sides  of  the  storage  ring.  If  these 
points  are  not  on  a  symmetry  axis  of  the  lattice,  the  be¬ 
tatron  phase  advance  from  A  to  B  on  side  e  would  not 
in  general  be  equal  to  the  phase  advance  on  side  d.  This 
kind  of  asymmetry  leads  to  some  unexpected  behavior  of 
coherent  modes. 

Lets  form  the  vector  (Xi,  XJ,  where  Xi,(3)  and 

^  horisontal  coordinates  and  associated  an¬ 
gles  of  bunch  hi, (3),  appropriately  normalised  by  the  hor¬ 
isontal  beta  function.  The  matrix  that  transports  both 
bunches  simnltsneonsly  (in  opposite  directions)  through 
the  magnetic  structure  from  A  to  B  is. 


Ma,b 


^  cos  He  sin  He 
—  sin  Pc  cos  He 
0  0 
^  0  0 


0 

0 

COSPrf 

-sinpd 


0  \ 
0 

mHd 
CO»H4  / 


(1) 


where  He  <uid  Hi  ue  the  absolute  values  of  phase  advance 
from  A  to  B  along  side  c  and  d  accordingly.  For  simpUdty 
we  have  assumed  that  magnitude  of  horisontal  beta  func¬ 
tion  is  equal  to  one  and  its  derivative  is  equal  to  seio  at 
both  points  A  and  B. 

To  get  the  matrix  describing  the  long  range  beam-beam 
interaction  considei  the  kick  angle  produced  by  the  elec¬ 
tromagnetic  field  of  h3  on  hi.  If  distance  between  centers 
of  bunches  is  much  larger  than  the  bunch  sise,  then  the 
change  of  angle  will  be  SX[  =  2N3ro/lfd,  where  N2  is 
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the  anaibu  of  partklee  in  bonch  2,  tq  the  dec- 

tioB  ledine,  7,  the  Loienti  fiKtot,  aod  d  ia  the  dktuice 
betweoi  beach  ceaten.  Note  that  d  k  compoeed  of  a 
doeed  orbit  eeparatioa,  do,  aad  Xi,2  which  are  the  du- 
plaoeaieate  of  baachee  hi,]  native  to  the  doeed  orbit,  i.e., 
d  =  do  +  Xi  -  JT]  Aaeomiag  |Xi,3|  <  do  we  eaa  rewrite 
fbrmela  for  angle  change  as: 


SX\  - 


2Naro 

ydo 


2JV3ro 


(Xi  -  Xj) 


(2) 


Here  the  flnt  term  ia  a  dipole  kick,  which  givea  a  very 
email  orlnt  diatortioB  that  doea  not  depend  on  Xi  or  Xj. 
The  aecond  term  ia  proportional  to  bunch  diaidaeementa. 
It  ia  like  a  gradient  error  and  couplea  the  motion  of  the 
two  beama  to  produce  coherent  motion.  In  what  foQowa, 
we  will  ignore  the  firat  term  and  only  take  into  account  the 
gradieat  term.  Conceptually  this  meana  we  mnat  indnde 
the  effecta  of  the  dipole  error  aa  a  diatortion  of  the  doaed 
orbit.  In  practice,  the  diatortion  of  the  doaed  orbit  ia  too 
amaD  to  matter. 

The  long  range  beam-beam  interaction  matrix  from  juat 
before  the  kick  to  juat  after  kick  will  be 


Mint  = 


1 

irSvi 

0 

^  —4rSi/2 


0 

1 

0 

0 


0 

—4xSi/i 

1 

4rSi/3 


(3) 


where  hi/1,3  =  N2,irofil2ir(dP  ia  the  tune  aluft  for  a  aingle 
croaaing  point  and  IV],!  ia  the  number  of  partielea  in  bunch 
2,1.  To  get  a  aingle  turn  matrix  Jftot  we  muat  make  a 
matrix  mnlti|dication: 


Mtot  =  MintMB,AMintMA,B  (4) 

where  Mb, a  deactibea  the  bunch  motion  from  B  to  A. 
Eigenvalnea  and  dgenvectora  of  Mm  characteriae  the  co¬ 
herent  modea. 

In  figure  2  we  preaent  reaulta  of  numerical  calculation  of 
beam-beam  coherent  modea  aa  deacribed  above.  We  can 
aee  that  at  low  total  current,  where  one  bunch  ia  very  weak, 
the  tune  of  the  higher  frequency  mode  doean’t  depend  on 
bunch  intenaity,  but  the  lower  tune  goea  down  with  increaa- 
ing  bunch  current.  The  reaulting  tune  apUt  ia  proportional 
to  bunch  intenaity.  Thu  picture  haa  a  simple  interpreta¬ 
tion.  The  nnafiected  tune  bdongs  to  the  strong  bunch, 
while  the  decreasing  tune  is  associated  with  the  motion 
of  the  weak  bunch.  The  fact  that  the  tune  ia  decreasing 
means  there  is  a  defocnasing  effect  by  large  bunch.  The 
tune  shift  or  tune  split,  both  are  the  same  in  this  case,  is 
the  sum  of  the  tune  shifts  calculated  for  each  of  the  single 
crossing  points,  i.e.,  2Svi.  An  asymmetry  in  phase  advance 
between  e  and  d  does  not  matter. 

A  different  situation  arises  in  the  case  where  both 
bunches  have  significant  intensity.  Here  the  asjrmmetry 
in  phase  advance  fiat  =  IMc  —  Mai  pl^y*  important  role. 
In  figure  2  we  see  that  if  the  phase  advance  is  aero,  i.e., 
(Mm  =  0),  the  dependence  of  mode  tunes  resembles  that 


Figure  2:  Calculated  mode  tones.  Open  and  solid  dr- 
clea  refer  to  the  two  different  modes.  Here  the  effects  of 
asymmetries  in  the  phase  advance  are  evident.  Dotted  and 
continnons  lines  are  for  the  cases  of  \ftc— ml  —  x  ot  0.  The 
calculation  was  done  for  j  =  10^,  d  =  29  mm,  =  40  m, 
Nk  =  1.0  X  10“  X  I  [mA]. 


of  the  strong-weak  case.  The  tune  shift  of  the  lower  mode 
is  proportional  to  sum  of  bunch  intensities  and  tune  sidit 
equals  to  sum  of  tone  shifts  at  both  croaaing  points.  How¬ 
ever,  if  liat  =  w/2,  the  higher  tune  goea  down  with  in¬ 
creasing  bunch  intensities,  while  the  lower  tune  remains 
c(»stant.  At  the  pmnt  where  the  bunch  intensities  become 
equal  one  to  another,  both  coherent  beam-beam  modes 
have  the  same  tune  shift,  whidi  is  equal  one  half  the  tone 
q>lit  in  the  /i.,  =  0  case.  Moreover  the  tune  $pHi  egualt 
zero  ta  spite  of  beam-beam  interaction. 

To  get  a  more  realistic  model  which  can  be  compared 
with  experimental  data,  the  beam-wall  coherent  tune  shift 
and  multiple  bunches  must  be  taken  into  account.  The 
b^m-wall  coherent  tune  shift  should  be  introduced  as  aa 
extra  phase  advance  SfH-w  for  each  bunch.  The  magnitude 
of  8§n-n  k  proportional  to  bunch  intensity  and  k  taken 
from  single  beam  measurements.  To  describe  a  configura¬ 
tion  with  h  bunches  per  beam,  the  dgenvalues  of  nwtrkes 
of  order  2i  must  be  evaluated. 


Measurements 

Three  machine  studies  were  carried  oat  at  CESR  to  mear 
sure  long  range  tune  shifts  under  differrat  e<mditions  as  a 
function  of  beam  current.  The  choice  of  bunches  and  the 
pietsel  configuration  insured  that  there  were  no  head-on 
collisions  at  the  normal  interaction  paints.  Betatron  tune 
shifts  were  measured  on  a  spectrum  analjrser  connected 
to  beam  pickup  dectrodes.  For  an  accurate  measurement 
of  the  frequency  it  was  necessary  to  artificially  spread  the 
tunes  of  the  two  beam  enough  that  the  peaks  wouM  not 
overlap.  Thk  was  done  by  varying  sextupole  strengths  in 
the  region  of  separated  orbits.  The  betatron  resonance 
widths  were  about  1  kHs  wide  which  k  larger  than  many 
of  the  tune  shifts.  Signal  averaging  aad  careful  attention 
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to  tko  ftoqiuaey  mowuemeBt  wete  paid  -  not  alwayt  rae- 
ecMfolljr  -  nrahmg  in  a  variance  of  tke  frcqneney  shift 
Baasnnments  of  otder  0.1  kHs.  The  optica  used  were  the 
same  as  those  used  during  normal  operation  of  CESR. 

The  first  measurement  conskted  of  one  bunch  of 
positrons  drculating  against  one  bunch  of  electrons.  The 
electron  bunch  was  used  as  a  ‘probe*  beam.  Its  betatron 
tunes  were  measured  and  its  current  hdd  constant  at  2 
mA/bunch  while  the  poatron  bunch  current  was  reduced 
from  12  mA  to  2  mA.  One  of  the  nicer  features  of  this  tech¬ 
nique  is  that  there  is  no  con&sion  introduced  by  frequency 
shifts  due  to  impedance  as  the  measured  beam  is  held  at 
constant  current.  The  results  are  summarised  in  the  table 
bdow: 


Crossing 

Bunch  # 

measured 

theory 

points 

e+ 

e~ 

V,  [^] 

2,7 

1 

7 

-15  ±7 

-0.5 

3,6 

1 

6 

-8.6  ±  5 

-8 

4,5 

1 

5 

56.6  ±6 

53.8 

The  theoretical  values  of  and  the  betatron  phase  ds 
at  the  parasitic  crossing  p<nnts  are  probably  only  good  to 
about  15%  and  constitute  the  main  uncertainty  in  the  the¬ 
oretical  values.  The  variance  in  the  experimental  values 
is  dominated  by  the  variance  in  the  frequency  measure¬ 
ments.  Within  these  uncertainties  the  measurements  are 
consistent  with  the  theoretical  predictions. 

The  second  set  of  measurements  was  quite  similar  to 
the  first  except  that  ‘improved’  techniques  for  frequency 
measurement  and  data  taking  were  used,  and  data  was 
taken  at  two  different  pretsel  amplitudes.  The  results  are 
given  below: 


Bui 

e+ 

Bch 

e~ 

Ij 

data 

•.41 

theory 

-vli 

data 

S*.] 

liiJ 

theory 

pretsel 

1 

5 

-6  ±2 

-16.4 

60db2 

66.3 

1200 

1 

5 

-42  ±5 

-36.9 

183  ±3 

149 

800 

1 

6 

-10  ±1 

-20 

14  ±2 

9.3 

1200 

1 

6 

-28  ±2 

-44 

35  ±3 

21 

800 

Here  there  is  substantial  disagreement  between  the  the¬ 
ory  and  experiment.  The  experimental  horisontal  tune 
changes  are  substantiany  leas  than  the  predicted  values, 
while  the  experimental  vertical  tune  changes  are  generaDy 
somewhat  greater  than  the  predictions.  If  this  is  to  be  ex¬ 
plained  by  errors  in  the  assumed  beta  function  values,  the 
horisontal  beta  functions  must  be  in  error  by  about  a  fac¬ 
tor  of  2.  More  likely  is  the  possibility  that  the  ‘improved 
technique”  was  in  fact  worse. 

In  the  third  machine  studies  we  measured  the  tuneshifta 
generated  by  two  trains  of  7  bunches  each.  In  this  config¬ 
uration,  each  bunch  undergoes  14  crossings  with  opposing 
bunches,  each  at  a  different  separation  distance  and  beta 
function  [3].  The  total  tune  shift  received  may  be  differ¬ 
ent  for  different  bunches.  We  measured  the  only  the  tune 
shifts  for  the  highest  and  lowest  frequency  modes.  The  to¬ 
tal  current  in  the  positron  beam  was  held  constant  while 


the  current  in  the  electron  beam  was  varied.  An  attempt 
was  made  to  keep  the  individual  bunch  currents  more  <» 
less  equal  for  each  beam.  The  results  are  also  summarised 
the  following  taUe. 


Mode 

measured 

rri . 

theory 

measured 

theory 

highest 

lowest 

-3.2  ±1 
-25  ±2 

-12 

-22 

21.1  ±.4 
-32.9  ±  .8 

21 

-33 

The  tune  shift  due  to  impedance  was  measured  during 
eariier  machine  studies  opportunities  and  added  to  the  the¬ 
oretical  prediction.  In  most  cases  the  theoretical  and  mea¬ 
sured  dopes  of  frequency  versus  total  electron  current  are 
in  good  agreement.  However,  for  the  data  with  the  highest 
horisontal  frequency,  the  measured  dope  is  less  negative 
than  the  theoretical  indicating  less  long  range  tune  shift 
than  expected.  One  posnUe  reason  for  the  discrepancy  is 
betatron  phase  errors.  Another  posdUe  reason  for  the  dis¬ 
crepancy  may  arise  from  the  implicit  assumption  that  the 
change  of  podtion  of  the  peak  in  the  betatron  spectrum  is 
exactly  representative  of  the  tune  change.  This  would  not 
be  the  case  when  two  peaks  are  overlapjang  since  the  peak 
of  the  sum  of  the  signals  would  not  follow  the  tune  of  each 
mode  independently.  This  is  particularly  relevant  to  the 
horisontal  tune  because  the  frequency  spread  of  the  modes 
is  not  large  and  does  not  increase  with  higher  currents  as 
much  as  for  the  vertical  modes. 

Conclusions 

The  use  of  tune  spHts  of  coherent  beam-beam  modes  to 
test  paradtic  interaction  points,  analogous  to  the  use  of 
X  —  mode  and  <r  —  made  for  head-on  coUidons,  may  lead 
to  confusing  results.  Under  certain  conditions  the  tune 
split  may  be  reduced,  moreover  it  may  be  sero  in  spite  of  a 
strong  beam-beam  interaction.  The  best  way  to  study  the 
tune  shifts  due  to  the  long  range  beam-beam  interaction  is 
to  use  one  bunch  per  beam  and  measure  the  dependence  of 
the  coherent  tunes  on  the  intendty  of  one  of  the  bunches 
keeping  the  intendty  of  the  other  bunch  fixed  and  quite 
smaD.  Only  in  this  case  can  yon  be  sure  that  the  tune 
shift  of  smallest  bunch  will  be  equal  to  sum  of  tune  shifts 
for  the  single  interaction  points. 
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Abstract 

Hie  noo-ltaett' coupling  due  to  the  beam-bean  intcnction 
with  croadag  angle  has  been  studied.  Hie  mdn  effect  of  a 
man  (-12inrad)  crossing  angle  is  to  excite  5(^±Q8>>integer 
conplii^  resonance  family  on  large  mnpliaide  particles,  wfatcfa 
lesttlts  in  bad  Ufetfane.  6d  the  (^R.  a  small  crossing  ngie 
(~2.4mr)  was  created  at  the  IP  wd  a  reasonaMe  beam-bem 
tone-sUtfk  was  achieved.  The  decay  rate  of  the  beam  is 
measured  as  a  fimctkm  of  horizontal  tune  with  and  without 
crossing  mgle.  The  theoretical  analysis,  simulation  and 
experimental  measurements  have  a  good  agreement  The 
resonance  strength  as  a  function  of  crossing  angle  is  also 
measured. 

I.  INTRODUCTION 

A  primmy  objective  of  modem  e‘'‘e*  collider  devdopment 
is  to  achieve  very  high  luminosity  to  meet  the  requumnents 
oi  high  energy  physics.  The  design  luminosity  of  these 
cdliders,  so  called  B-Factories,  ^Factories,  etc.,  is  about  SO 
times  as  high  as  that  achieved  in  cuirent  coOiders.  To  obtain 
this  luminosity,  the  new  designs  enqdoy  two  rings,  widi  each 
ring  being  filM  with  large  number  of  bunches  to  make  the 
coUision  rale  at  the  single  interaction  point  large.  Ihe  natural 
way  to  bring  the  two  beams  into  collision  and  separating 
them  thereafter  is  to  have  a  small  ctossing  angle.  However, 
studies^  show  that  synchrobetatron  resonances  are  excited  by 
crossing  angle  beam-beam  interaction.  This  paper  analyzes 
this  problem,  and  provides  the  results  of  an  eiqierimental 
measuremeuL  The  conclusion  of  analysis,  simulation,  and 
experiment  agrees  reasonably  well. 

n.  ANALYTICAL  ANALYSIS  AND  Simulation 

The  reason  why  synchrobetatron  coupling  is  introduced 
by  a  crossing  tmgle  is  that,  due  to  the  angle,  the  distance 
between  a  particle  and  the  center  oS  the  counter  bunch  is 
modulated  by  the  particle’s  longitudinal  position.  As  a  result, 
the  beam-beam  kick,  which  is  a  function  of  the  distance,  is 
modulated  by  the  longitudinal  motion  too. 

A  resonance  analysis  method  can  be  developed  based  on 
difference  equationsl^l  Considering  horizontal  and  longitudi' 
nal  planes,  particle  motion  in  a  linear  ring  with  a  thin, 
noidinear  kidc  cm  be  desctftwd  by 
Jtt+l  -  2co&HxXt*Xt.i  =  -ft[Sin^J(X|+tan^«Si)cos2q», 
s,+i  -  2co^,  s,  +  JM  -  0.  (1) 

Where  F(r)  is  the  beam-beam  kick,  ^  is  the  crossing  angle, 
and  t  sta^  for  turn  number.  For  small  crossing  angle,  the 
longitudinal  component  iff  the  kick  is  neglected.  It  is  easy  to 
see  that  the  linear  solutions  of  (1)  are: 

X,  >  Ax  oosOtxf )•  xt  -  As  cosOtfl).  (2) 

As  the  first  step  approximation,  insert  (2)  into  the  light- 
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hand  side  of  (1),  and  do  a  Fourier  erquBision.  Then,  the  right- 
hand-side  of  first  equation  of  (1)  is  written  as: 

\  CM[imnx*nHs)t  cmUmfix-nUsyt  1  (3) 

^,n 

Naturally,  a  similar  form  of  solutkm  of  (1)  is  expected: 
'lAm.n  cosI(m/ijr<-«/i,)f  l+V*  cosI(m/ijr«M«)f  1  W 

^m,ii 

Substitute  (3).  (4)  into  (1),  the  relatioo  between  (hiving  terms 
and  response  terms  is  fou^ 

(aj>)m,n‘ - 1 - -  (5) 

N^  resonances  (mtlXhctuQsP  integer,  the  denomhiaior  is 
small.  Then,  (a.b'im.n  bas  strong  reqioose  to  (c,(0ni.r  • 
Therefore,  we  can  say  that  Cm,a  and  xlm,n  dnve  these 
resonances. 

SpMMa  afcMMtag  agl*  bMB.bMa  kkfc 


Figure  (1).  The  power  spectrum  of  the  crossing  angle  beam- 
beam  kick. 

Hgure  (1)  shows  the  two-dimensi(mal  FFT  power 
spectrum  of  the  beam-beam  kick.  From  the  picture,  one  can 
easily  see  that  the  strongest  driving  terms  are  at  m  a4,n  =1 
and  m  a6,  R  si.  Atxording  to  the  prevkrus  analysis,  both 
these  two  terms  will  drive  SQx±Qf>  integv  resonances.  It  is 
natural  to  contdude  dud  the  SQx^Qjs  integer  resonances  are 
the  strongest  coupling  restxiances. 

In  order  to  analysze  tbe  effect  of  a  crossing  angle,  a 
computer  simulation  similar  to  Piwinski’s  workt^l  was  made. 
Tbe  storage  ting  was  mcxlel  by  a  linear  ring  and  a  tbin4dck 
beam-beam  interaction  with  crossing  angle.  Three 
dimensional  motion  is  ^ulatetL  Particles  are  launched  in  6 
dimensional  (drase  space  with  6o  amplitudes.  The  program 
scans  the  b^zontal  fractional  tune  from  0  to  1.  The 
maximum  amplitude  of  all  particles  ever  reached  during  the 
1000-turn  tracking  is  recorded  as  a  fnnctioa  of  horizontal  trme. 
Figure  (2)  plots  the  maximum  horizontal  amplitude  versus 
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Crottinc  angle  collision 


Figure  (2)  Mcximum  hori2(Mital  amplitude  vs.  tune  for 
crossing  angle  coUision.  (Qg4)i)81) 

m.  EXPERIMENTAL  MEASUREMENT 

The  experiment  is  designed  to  observe  the  SOr+Qs 
resonance  excited  by  the  crossing  angle  coUiskm,  which  is 
pretttcied  by  the  theory  in  previous  sectioo.  The  experiment 
is  based  on  the  setup  of  the  CESR  crossing  angle 
experimentt^l.  CESR  has  been  tunning  with  mnlti*bunch 
mode  (7  bunches  of  e*  on  7  bunches  of  e***).  The  kigr  point  of 
making  mnIti*boncb  mode  possible  is  to  separate  bundles  at 
crossing  poims  aroimd  the  ring  exoqK  at  the  interactioa  point 
where  the  detector  is  located.  In  CESR.  four  electrostatic 
sqiaraiors  ate  used  to  separate  electron  and  positron  orbits  at 
puasilk  crossing  points.  As  shown  in  figure  (3),  the  orbits 
(thin  lines)  me  separated  at  13  would  be  odlision  points,  but 
merged  between  the  two  south  Gower)  separators,  including 
the  IP  where  the  coUision  takes  place.  The  crossing  angle 
lattice  is  essentially  a  modified  version  of  the  normal 
operation  Imtice  with  the  bunches  separated  at  the  collision 
points  except  the  IP.  An  anti-symmetric  voltage  lulled  to 
the  sonA  separators  wiU  create  anti-symmetric  orbits  about 
the  IP.  This  is  diqidayed  in  ftgure  (3)  as  the  thick  Unes. 

The  experiment  was  performed  in  a  way  similar  to  the 
simnli^kMi.  The  strong-weak  beam-beam  interaction  is 
achieved  by  colliding  a  2mA  beam  on  lOmA  beam.  The 
beam  sixe  and  beam  current  decay  rate  is  measured  while 
scanning  the  horizontal  tune  in  the  S(2(4Q«  resonance  region. 
A  h^  decay  rale  peak  was  observed  on  the  resonance  when 
the  crossing  angle  was  turned  on.  However,  the  peak 
asappeaied  when  the  crwsing  angle  was  turned  off.  Figure 
(4)  shows  the  ome  scan  data  with  and  without  crossing  angle. 
For  comparison,  the  dmidation  results  are  shown  in  figure 
(4)  too.  One  can  easily  see  the  agreement  between  them. 
Note  diat  the  vertical  mtis  rqaesents  different  quantities  in 
experimental  data  and  simulation.  The  reason  is  that  the 
adcnhKfonisonlyqmdhaiive.  Neverlhdess.  th^  both  reflect 


the  saase  physical  phenomena.  Memiwhile,  the  vertical  beam 
size  is  meanned.  No  beam  blow  up  is  observed  at  die  same 
resonance,  with  or  without  crossing  angle.  This  hnplies  thm 
this  effect  appUes  only  <m  beam  tatt.  whtcb  U  eribat  die 
theoredcal  analysis  and  simulation  predicted. 
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Iigure  (4).  (a)upper  Simulation  result,  maximum  amplitude 
versus  horizontal  tune.  (b)k>wer:  Experimental  data,  decay 
rate  as  a  function  of  horizontal  hme. 

A  two  dimensional  nine  scan  was  also  performed  to  dieck 
the  resonance.  The  result  with  crossing  angle  on  is  shown  in 
figure  (5).  In  this  part  oi  experiment,  strong-strong  beam- 
beam  interaction  was  employe^  because,  a  weak  beam  cannot 
survive  after  crossing  the  resonance  many  times.  The 
SQx+Qr  resraiance  corrcHionds  to  the  light  vertical  line  on 
theleft.  With  this  result,  the  resonance  is  better  identified  due 
to  its  consistent  appemance  and  independent  of  vertical  tune. 

The  resonance  strength,  in  terms  of  peak  decay  rate,  is 
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Rguts  (5)  Ehctron  decay  rate  oneaauted  in  two  dimensional 
tune  scan  with  2  miad  crosring  angle.  The  lighter  shade 
indicates  higher  decay  rate.  The  horizontal  and  vertical  tune 
Irequendes^  die  product  of  the  tune  and  die  levcdution 
lmiiuency,afeinldlz.  (The  revdIutkMi  frequency  is  390  kHz), 
abo  measured  as  a  ftmcdon  of  crossing  wgle.  Figure  (6) 
idols  the  measured  result  Each  line  in  the  inctnre  is  from  a 
ringle  tune  scan  with  cerudn  crossing  angte.  The  crossing 
angle  rai^  from  about  ±1.4  mind  to  ±2.5  nuad.  For 
aosshv  angle  smaller  than  ±1.4  mrad,  there  is  no  clear  decay 
rate  peak  being  measmed. 


Grossing  Angle  Experiment 


Aait$ 

Rgure  (6).Tune  scans  versus  crossing  angle. 

Hie  maximum  decay  rate  from  ^ure  (6)  is  plotted  as  a 
fmctkm  of  die  half  crossing  angle  in  figure  (7),  one  can 
easily  see  the  rise  of  the  resonarce  strength  as  the  crossing 
angle  increases.  The  simulation  result  is  also  plotted  for 
comparison.  Again,  the  quantities  in  vertical  axis  are 
different  so  that  the  comparison  is  only  qualitative. 
However,  from  both  plou,  a  saturation  efrect  can  be  seen. 
Simulation  shows  that  the  saturation  goes  up  to  ±12  mrad. 


Unforiunmcly,  the  crossing  angle  hi  the  experiment  omnot  ^ 
larger,  because  it  is  limited  by  nmchtiMt  aperttne.  The  last 
data  poim  raises  again.  The  reason  aaay  be  dmt  the  crossing 
angle  has  beoi  periled  to  the  Ihnit  of  the  physical  qiertnre  at 
this  angle.  The  tight  physical  aperture  certainly  enhances  the 
decay  rate.  We  also  cannot  exdude  other  driving  souroes. 


StmulatioB 
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(a)Maximum  amplitude  on  the  rcsoiuuice  vs.  croMtng  angle. 


Experimental  data 
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(b).  Peak  decay  rate  on  die  resonance  vs.  crossing  angle 
F^ure  (7).  Resonance  strengdi  as  a  function  of  crossing 
angle. 

IV.  CONCLUSIONS 

The  study  shows  a  good  consistency  among  analytical 
analysis,  computer  simulation  and  experiment  on  the 
strongest  coupling  resonance  family  exdt^  by  the  crossing 
angle  beam-beam  interaction.  This  resonance  family, 
SC^dK^s^iidcger,  will  result  in  a  bad  lifetime  in  operation. 
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Abstract 

The  working  point  times  in  the  Tevatron  at  UOO  (ieV  are 
nominally  in  an  area  in  betatron  time  space  tinat  boniers 
the  7th  and  5tk  order  resonances.  An  attempt  will  be 
made  in  this  1992  collider  rmi  to  measure  whether  the 
beam-beam  intecaction  plays  an  important  role  in  driving 
resommces  in  this  region  of  time  space.  Exfieriniental  re¬ 
sults  whicli  identify  the  lieani-iieam  driven  resonances  are 
presented.  An.  ejcperimental  method  of  ensuring  hea<l-on 
collisions  in  order  to  minitnue  odd-or<lered  resonance  ef¬ 
fects  in  tlM  Tevatron  is  also  presented. 

lUIRQDMQTlQE 

The  tune  and  tlie  time  spread  causeil  by  the  beam- 
beam  interaction  dictateil  the  installment  of  separators  in 
the  Tevatron  for  tA(e  1992  collider  run.  The  electrostatic 
separators  separate  the  protcui  and  antiproton  orbits  such 
that  head-on  collisions  occur  only  at  the  location  of  the 
two  high  energy  physics  detectors.  This  rediiceil  the  time 
shift  for  a  store  of  6  protons  colliding  with  (i  antiprotons 
by  a  factor  of  6.  The  analytical  beam-beam  tune  footprint 
shown  in  Fij^re  1  represents  the  tune  .shift  and  tune  spread 
of  the  antiprotous  colliding  head-on  at  the  two  collision 
sites  in  the  Tevatron.  The  proton  base  time  is  2U.riH  in 
the  horizontal  plaiie  and  2U.57r>  in  the  vertical  plane.  The 
tune  footprint  m  eatculatwl  using  parameters  representing 
the  normal  operating  conditions  of  the  colliiler  run.  A 
nmmalized  emittauc«  of  20ir  mm-mrad  (  using  the  95% 
dejSnition  of  emittance  )  for  the  protons  and  Kiir  mm-inrad 
for  the  antiprotons  was  used  in  the  calculation,  along  with 
a  momentum  spread  of  124  MeV  for  the  9(g)  CleV  beam. 
Bunch  intensities  of  12U  x  lU''  and  5U  x  10”  are  typical 
inteiuities  for  the  protons  and  antiprotous,  resiiectively. 

This  is  the  first  collider  run  where  the  Tevatron  collides 
prottms  and  ahti{wotons  at  two  interaction  regions  and  se]>- 
atates  the  beams  in  two  dimensions  at  all  other  crossing 

'C^Mnteil  fafflllM  UidverHitie*  Reimirrh  AMutciatimi  iniik^t'  nm- 
tract  with  tlie  Depmttiimit  itf  Eumrgy 
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Figure  1:  Antiproton  beam-beam  tune  t'ootprint  in  the 
Tevatron 


points  in  the  storage  ring.  The  experiments  presented  be¬ 
low  were  done  in  an  effort  to  understand  what  adverse 
effects  the  beam-beam  interaction  may  have  in  this  new 
operational  state  of  the  Tevatron. 

Beam-beam  Driven  Resonances 

In  order  to  identify  resonances  driven  by  the  beam-beam 
interaction,  the  proton  tune  was  moved  across  resonances 
in  both  a  jiroton  only  store  and  a  store  in  which  protons 
and  antiprotons  were  colliding.  Proton  background  los.ses 
were  measured  as  a  function  of  proton  tune.  The  focusing 
and  defocu.sing  correction  (jiiadtupole  circuits  were  used  to 
change  the  tunes  linearly  at  a  constant  rate  of  U.Ul  tune 
uiiits  per  minute.  The  tune  sigmals  were  measured  using 
Shottky  plate  signals  sent  into  a  spectrum  analyzer.^  Mea¬ 
surements  of  the  tunes  were  taken  at  both  end  points  of 
the  time  scan.  Loss  monitors  located  at  the  physics  detec¬ 
tors  were  used  to  measure  proton  background  losses.  The 
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Figwre  2:  Proton  losses  crossing  7th  order  resonances  for 
a  proton  only  and  a  colliding  lieam  store 


colliding  beam  tune  scans  were  <lone  at  tiie  end  of  stores, 
whm  the  proton  and  auti|)roton  emittances  were  and 
18ir,  respectively. 


A  typical  comparison  of  tune  scans  in  which  the  proton 
vertical  tune  was  move<l  across  the  7th  order  resonance  is 
shown  in  Figure  2.  The  horizontal  tune  of  20.58  w.ns  hehl 
constant  during  the  scan.  The  result  of  tint  vertical  tune 
scan  show  background  losses  to  be  large  when  the  tune 
scan  is  done  with  protons  and  antiprotou.s  in  the  marliiiie, 
and  negligible  when  protons  only  cross  the  7th  order  res- 
CMiance.  Thus,  in  the  Tevatron,  the  7th  order  resonance 
gives  measiiralde  losses  only  when  the  beam-beaiu  interac¬ 
tion  is  present. 


When  similar  time  scans  were  done  across  5th  order  res¬ 
onances,  background  losses  were  .seen  when  crossing  some 
5th  order  resonances  during  the  proton  only  store.  The 
losses  became  much  larger  when  jirotoiis  and  anti]>rntous 
were  colliding.  This  indicates  that,  along  with  a  beam- 
beam  driven  response,  there  are  nonliiiearities  in  tlie  Teva¬ 
tron  lattice  which  drive  5th  order  resonances. 


A  tnne  scan  across  the  i2th  order  resonance,  located 
in  the  mi^t  of  the  Tevatron  operating  region,  was  found 
to  cause  minimal  background  losses  under  either  proton 
cmly  or  colliding  beam  conditions.  Proton  and  antiproton 
lifetimes,  thougli,  may  be  affected  by  the  12th  an<l  were 
not  measured  in  tliis  experiment. 


Ensuring  Head-on  Collisions 

The  theory  of  the  beam-beam  interaction  [iredicts  that 
beams  colliding  with  a  separation  or  crossing  angle  will 
excite  odd-ordered  resonances’-^ .  The  results  of  the  tune 
scans,  indicating  that  the  ^  resonance  is  strongly  driven 
by  the  lieam- beam  interaction,  led  us  to  investigate  the 
possibility  tliat  the  beams  were  colliiling  with  a  small  sepa¬ 
ration  or  crossing  angle  at  the  interaction  points.  In  order 
to  measure  the  effects  of  collisions  which  were  not  quite 
head-on,  separator  four  bumps  were  used  to  control  the 
proton  and  antiproton  orbits  as  they  crossed  the  interac¬ 
tion  regions. 

The  separators  jirovide  an  electrostatic  field  which 
causes  the  protons  and  antijirotons  to  get  kicked  in  o|>- 
posite  directions.  By  using  four  separators  as  elements  in 
a  closed  bump  (  one  that  is  local  to  the  region  between  the 
bump  elements),  we  are  able  to  control  lioth  the  separation 
and  crossing  angle  at  which  the  protons  an<l  autiprotons 
collide.  The  locality  of  the  bump  and  the  location  of  the 
separators  in  the  Tevatron  enaliled  collisions  at  each  of  the 
idiysics  detectors  to  be  controlled  individually.  This  is  the 
method  by  which  head-on  collisions  are  obtained  in  the 
Tevatron. 

An  experiment  was  done  in  which  separator  four  bumps 
were  used  to  vary  the  transverse  separation  of  the  collid¬ 
ing  protons  cind  antiprotons.  The  luminosity  was  measiiretl 
as  a  function  of  the  beam-beam  separation.  A  simple  one¬ 
dimensional  dependance  of  luminosity,  £,  on  the  transverse 
separation,  rf,  of  the  centroids  of  two  gaussiau  jiarticle  dis¬ 
tributions  can  be  written  as  ® 

£  =  £„  exp  (-■  .  f  )  (1) 

£ii  is  the  luminosity  when  the  collisions  are  head-on  and 
IT,,  and  (Tp  are  the  transverse  rms  beam  size  of  the  proton 
ilistribution  ant]  autiproton  distribution,  respectively. 

A  typicjil  sejiaration  scan  is  shown  in  Figure  3.  In  this 
separation  scan,  the  magnitude  of  a  separator  four  bum]> 
across  BO  is  varied  to  allow  the  vertical  separation  of  the 
centroid  of  colliding  protons  and  antiprotons  to  change. 
The  magnitude  of  the  bump  is  smaller  than  the  resolution 
of  the  beam  position  monitors  in  the  ring.  It  is  predicteil 
here  using  a  model  of  the  Tevatron,  TEVC’ONFIG^,  which 
calculates  an  orbit  for  a  given  lattice  configuration  of  the 
ring.  By  including  the  angular  kicks  of  the  separators  used 
in  the  four  luimp,  a  predicted  orbit  is  calculated.  The 
magnitmle  of  the  voltage  change  of  the  separators  can  thus 
be  translated  into  a  beam-beam  .separation  at  BO.  The 
luminosity  is  plotted  in  Figure  3  as  a  function  of  the  beam- 
beam  .separation.  A  gaussian  fit  to  the  data  calculates  an 

rms  tr  of  (52//,  where  er  =  +  as  .seen  in  equation  1. 

The  separation  scans  were  done  both  in  the  horizontal  ami 
vertical  planes  at  each  of  the  interaction  sites. 
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separation  (mm) 

Figure  3:  Separation  Scan  in  the  Vertical  Plane  at  BU 


The  measurement  of  <r  can  he  compared  to  one  which  Is 
done  using  the  flying  wires  in  the  Tevatron/*  Using  the  rins 
beam  sizes  which  are  ohtaine<l  by  this  metho<i,  an  rnis  rr  of 
57)i  was  calculated.  The  8%  iliscrepaiicy  may  he  due  to  aii 
inaccuracy  in  the  lattice*  functions  used  in  the  calciilatimis. 

The  huninosity  was  then  measured  as  a  function  of  the 
crossing  angle  at  eacb  of  the  interaction  sites.  A  typical 
crossiug  angle  scan  is  shown  in  Figure  1.  In  this  <';kse, 
the  orbit  distortion  in  the  arcs  is  of  the  order  of  1  inm, 
and  the  real  orbit  in  the  Tevatron  can  he  comparerl  to 
the  TEVCONFIG  prerliction  of  the  orhit.  The  «lata  agrees 
within  one  LSB  of  the  beam  position  monitors.  A  fit  to 
the  data  is  also  shown,  using  a  one-dimensional  formula 
for  the  luminosity  as  a  function  of  crnssing  angle'’. 


The  crossing  angle,  fi,  is  <lefiued  as  one  half  of  the  total 
crossing  angle.  The  transverse  sigma,  o-j,  = 
used  as  a  parameter  in  the  fit  is  WJfi.  The  longitudinal 
sigma,  (Tz  (Tp^,  is  dependant  on  the  longitu¬ 

dinal  rms  be^  size  of  the  protons  and  antiprotons.  The 
value  a,  used  in  the  fit  is  (>5  cm,  comparable  to  a  typical 
measurement  of  the  rms  of  the  lougitudijtal  distribution  in 
the  Tevatron. 

The  results  of  the  crossing  angle  scans  indicate  that  un¬ 
der  normal  oi>eration,  the  protons  and  antiprotons  collide 
at  the  minimum  measurable  separation,  but  that  there  is 
a  crossing  angle  of  5U  urads  (  full  crossing  angle  )  at  BO. 
This  50  lurad  crostnng  single  corresponded  to  a  5  percent 
loss  in  luminosity.  After  the  separator  voltages  were  asl- 
jnsted  for  heswl-on  collisions,  a  5  percent  iiicre.-ise  in  the 
initial  luminosity  was  achieved. 
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Figure  4:  Clrossiiig  Angle  .Scan  in  the  Horizontal  Plane  at 
BU 


We  have  fouurl  that  when  operating  the  Tevatron  with 
two-dimensional  helical  orbits,  the  luminosity  is  optimized 
by  varying  the  separation  and  crossing  angle  at  each  in- 
rlividiial  interaction  region.  In  the  future,  we  plan  to  use 
this  method  of  orbit  control  to  investigate  how  the  ^  res¬ 
onance  is  driven  by  beam-beam  effects  when  the  protons 
and  antiprotons  collide  with  small  separations  or  crossing 
iutgles. 
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Abstract 

We  pteseat  a  samnary  of  a  fairiy  extensive  study 
beam-beam  issues  that  arise  in  die  design  ttf  PEP-IL  Most  ct 
tbesp  suaSes  are  canned  om  with ‘^strof^-strang**  maldpHticle 
tmcking  shnnlations.  We  focus  on:  choice  ot  nominal  beam- 
beam  paiametier,  strength  oi  the  paiasiticcoUisioos.  injectioo 
issues,  performance  and  tradetrffo  with  unequal  beam-bemn 
parameters.  We  cmnmmit  only  briefly  on  beam  lifetime.  We 
conclude  that:  the  beams  are  suffickntly  well  sqnraied  so  that 
the  parasitic  collisions  are  effectively  weak;  that  small 
ineq^ties  in  the  beam-beam  parameters  may  imply  more 
comfortaMe  performance  margiiis:  and  that  vertical  injection 
with  vertical  beam  separation  is  m<ve  comfortable  thim 
horizootal. 

1.  INTRODUCTION 

The  proposed  FEP-II B  Factory  is  an  asymmetric  e'*‘-e~ 
cdlider  with  a  design  luminosity  of  3xl(p3  car^  whose 
primary  purpose  is  die  detailed  study  rrf  the  B  meson  system. 
Tie  two  rings  have  the  same  circumference  and  intersect  at 
only  one  interaction  poim  (IF).  In  its  present  concqxion  the 
low-enecgy  ring  (LER)  contains  the  positrons,  with  an  enogy 
cS  3.1  OeV,  while  the  high-energy  ring  (HER)  contains  die 
electrons,  with  an  energy  of  9  GeV.  Although  the  interaction 
regioo  (IR)  design  allows  for  the  possibility  of  crab  crossing 
with  a  finite  angle,  in  the  current  design  the  beams  collide 
head-on  and  are  magnetically  sqiarated  in  the  horizontal  itone. 
Full  details  of  die  design  are  contained  in  the  Concqitual 
Design  Report  [1]  and  in  the  Design  Update  Rqiort  [2].  The 
current  I^-n  design  is  slighdy  different  from  tito  described 
in  these  rqports:  the  beta  functions  of  the  HER  at  the  IP  are 
now  ^  SO/l  cm  rather  than  75/3  cm,  and  the  beam 

orbit  sqxuation  at  die  first  pmasitic  collision  is  now  d  «  3.5 
mm  rather  than  2.8  mm. 

The  bulk  of  the  beam-beam  studies  carried  out  to  date 
have  set  a  priority  on  demonstrating  die  feasibility  of  attaining 
or  exceeding  a  short-time-aveiage  luminosity  of  SxlO^^  cm~* 
s~^  The  riiort-tin^vetage  luminosity  is  determined  by  die 
dynamics  oi  the  beam  core,  which  is  studied  effectively  with 

^Work  tupportoA  by  the  Director,  Office  of  Energy  Research, 
Office  of  Ifigh  Energy  and  Nuclear  Physics,  High  Energy  Physics 
Division,  U.S.  Dept  of  Energy,  under  Contract  No.  DE-AC03- 
76SF00098. 


“stroog-stroog”  or  ‘Nveak-strong”  simulatioiis  ne^ecting  all 
lattice  nonlinearities.  This  linear-lattice  approximation  is 
legitimate  for  diese  purposes  on  account  <rf  the  good  dynamic- 
aperture  properties  of  the  FEP-n.  Previous  mqieriments  and 
simulations  [3]  provide  justificatkm  fix’  this  qiproximation 
once  a  good  working  point  is  adopted.  On  the  other  hand,  the 
beam  lifetime  is  determined  by  the  long-time  dymunics  (tf  die 
tails  of  the  beam.  This  dynamics  is  for  more  conqdicated,  and 
is  generally  expected  to  be  sensitive  to  lattice  nonlinearities. 
Fbr  this  reason,  and  because  it  is  impossible  to  have  good 
average  luminosity  with  poor  peak  luminosity,  we  have 
concentrmed  first  on  the  dynamics  of  the  beam  core.  Recent 
preliminary  results  [4],  however,  indieme  accqitaUe  Ufetime. 

hi  our  simulations  we  typically  represent  die  bunches  by 
256  “siqietparticles’*  diat  are  initially  Gaussian-distributed  in 
6-dimeittional  phase  qmce,  and  we  run  for  five  damiwng  times 
(we  have  carried  out  qiot-checks  widi  more  siqieiparticles). 
Thick-lens  effects  during  the  beam-beam  ctdlision  are  taken 
into  account  by  dividing  iqi  die  bunches  into  five  slices.  As 
time  progresses,  the  distributions  deviate  abit  fitom  Gausaan; 
however,  for  the  puiposes  of  conqwting  the  beam-beam  kick, 
the  time-d^endenttms  beam  sizes  are  fed  into  the  formula  for 
die  kick  cocieqiooding  to  a  Gaussian  distribution  [5]. 

Due  to  die  necessary  qpproxiniations  that  are  made,  we 
cannot,  in  general,  take  our  results  to  be  quantitatively 
accurate.  However,  we  believe  that  qualitative  comparisms 
between  results  for  different  parameter  values  do  provide  valid 
guidance  for  desirable  or  undesiraUe  changes  in  parameters. 
This  is  the  philosophy  duu  underiies  the  inteipimation  of  our 
beam-beam  studies,  particularly  multiparticle  simulations. 

2.  BEAM-BEAM  PARAMETER 

The  PEP-n  design  specifies  a  rather  conservative  value 
for  the  nominal  beam-beam  parametm,  namely  ^  =  0.03  (all 
four  beam-beam  parameters  are  equal).  The  subscript  0  denotes 
'iiominal.’’  by  which  we  mean  the  limit  when  the  beam- 
beam  interaction  is  tregUgible.”  Simulation  results  in  the 
ifosence  of  parasitic  collisions  (PCs)  [1,2]  indicate  diat  the 
dynamics  behaves  close  to  nominal  (i.e.,  beam  blowup  is 
relatively  small)  up  to  ^0  ”  0.06-0.08  provided  a  “good” 
working  point  is  adopted  (limited  tune  scans  have  suggested  a 
woridng  point  with  fractional  tunes  (0.64,  0.57)  for  both 
beams,  which  we  have  adopted  for  the  presoit  purposes;  we 
have  not  tried  to  optimize  the  working  poim  mmbodically). 
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3.  PARASITIC  COLLISIONS 

The  Ife  vahie  wqgired  for  the  haninoBty.  coopted  with 

wtffwy  fwf»che>,  each 

Ilyich  has  "noauT  bmdb  canwit  aad  ^ttance.  This,  in 
ton,  inpties  shcMt  Inmch  ^MCiiig:  diiis.  if  die  niain  collie 
it  headma.  the  bgnAes  camericace  pwasiiic  collisions  in  the 
DL  To  be  pncte,  eaA  bandi  eqwrieaces  fixv  PCs  on  either 
side  of  te  IP  (the  ofitics  and  the  geomeoy  is  symmetric  dxMt 
die  IP  in  this  r^ion).  The  PCs  on  either  side  of.  and  closest 
to.  die  IP  overwhelm  the  others,  so  we  have  only  taken  into 
accoant  dieae  first  PO  in  our  simnlations.  The  sqwiatioo  of 
the  beam  oridis  at  this  point  is  d  »  3.S  mm.  conreiixMiding  to 
a  itonnaliwd  sqiaration  dl<jQx.^  IL8<  where  o()x.+  is  the 
local  nominal  horizontal  rms  beam  size  of  the  LER  (a 
nomudization  to  die  local  HER  beam  size  wotdd  yield  the 
larger  value  of  14.4).  In  general.  PCs  induce  tune  dtifts  and 
tnne  qaeads  diat  can  cause  significant  beam  Uowiq>.  On  the 
other  hand,  if  die  sqiuation  d  is  large  enough,  all  effects  from 
the  PCs  disqtpear.  Simulatioos  [1.2.6.73.9]  in  which  the  PC 
sqiaration  d  is  taken  as  a  fiee  parameter  show  that  the  PC 
becomes  essentially  weak  provided  dlaox.+  ^  7.  Thus  the 
actual  sqiaratioo  in  the  FGP*n  design  is  comfortably  large  and 
the  PCs  are  ^fectivdy  weak.  For  the  nominal  value  the  PC 
8q)aratk».  die  beam  bfowiqp  has  an  inconse^iential  reduction 
of  die  Inminosity  to  a  dynamical  value  if  i  2.9x10^^  cm~^ 
S“*. 

When  d  is  varied  as  an  independent  parameter,  the  tunes 
sampled  by  die  beam  core  also  vary  due  to  the  d-dependence  of 
the  PC  tune  diift  This  qmikNis  can  be  compensated  fo 

by  approfuiate  changes  in  the  bare  lattice  tunes.  Simulations 
show  that,  when  this  compensation  is  in  effect,  the  blowup 
carves  look  smoother,  although  the  qualitative  slupe  is  the 
same  [KQ.  and  die  conclusions  drawn  fiom  the  uncompensated 
simulations  rwnain  unaltered. 

4.  VARIANTS 

4J  Larger^ 

Wte  have  examined  [13.6331  the  consequences  of 
inoeasmg  0*05.  We  have  done  this  in  two  ways:  (a)  by 
increasing  the  bunch  current  by  a  factor  of  S/3  at  fixed 
nominal  emittance.  and  (b)  by  dectearing  the  emittances  by  a 
foctorof  3/5  at  fixed  bunch  current  In  case  (a)  the  simulations 
show  that  the  onatt  oi  substantial  beam  blowup  occurs  for 
d/Ofbc,*  i  9  as  d  deoeases.  The  beam  blowiqi  factor  at  the 
nominal  value  ttf  d  is  larger  thrni  for  0.03;  however,  although 
foe  d^radatkm  of  the  luminosity  relative  to  its  nominal  value, 
jfOB8.33xlO^^  cm~2  s~^  is  more  significant  the  resultant 
ffosolate  dynamical  value,  2  7x10^3  cm~^  s~^,  is  quite 

sifostantiaL  In  case  (b)  the  resultant  nominal  luminosiy  is 
Xo^tSx  10^^  cm~^  s~^  the  beam  sizes  are  a  factor 
smaller,  and  the  normalized  parasitic  sqiaration  is  fous 
dtogx,-^  11.8  ■  1S3.  The  simulation  shows  that  the 
beam  blowup  in  this  case  reduces  the  luminosity  to  a 


dynamical  value  xlO^^  cm~2  s~^.  In  this  qiproach, 
the  onset  oi  siforiantud  beam  blowup  also  occurs  for  dtOQx,* 
%  9  as  d  decreases.  We  conclude  that  increasing  {o 
decrearing  the  emittance  at  fixed  bundi  current  is  safer, 
aWiough  less  effective,  than  increasing  the  bunch  current  at 
fixed  emifomoe. 

42  Larger  bunch  spacing 

One  can  increase  the  bunch  spacing  by  50%  by  filling 
every  third  RF  budoet  radier  than  every  second  backet  In  order 
to  maintain  snd  ^0  at  their  original  values,  one  must 
require  that  foe  bunch  currents  and  nominal  emittances  of  both 
beams  also  be  increased  by  50%.  The  total  beam  current 
remains  unchanged  but  the  beam  sqiaration  at  the  new 
parasitic  crossing  point  is  d  »10.1  mm  instead  of  33  mm.  md 
d/aQ^-f>20.1  inst^  of  113.  which  inqdies  a  mudi  weakm 
parasitic  collision.  Simulations  [133.9]  foow  foat  the  beam 
blowiqi  is  riightly  less  for  this  case  foan  for  the  previous  case 
at  foe  nomirud  value  of  d/O0x.-i-  What  is  mme  important  is 
diat  the  comfort  margin  for  d  is  significantly  huger,  since  foe 
value  of  20.1  for  d/aQx,+  is  much  larger  foan  the  “threshold” 
value  of  7. 

If  the  bunches  are  injected  every  third  bucket  but  foe 
emittances  and  bunch  currents  have  nominal  values  instead  of 
being  50%  larger  [8],  then  the  first  PC  is  such  foat  dJoax.*  = 
24.6  and  therefore  it  is  truly  negligible.  In  fois  case  the  horn¬ 
beam  parameter  at  foe  IP  is  still  1^0^0.03,  but  the  luminosity 
is  jfo  *  2  X  10^3  cm~2  g-l.  This  operating  configuration 
might  be  used  as  a  comfortable  intermediate  stage  in  the 
commissioaing  of  the  machine,  if  necessary. 

4J  Unequal  beanhbetm  parameters 

We  have  also  explored  consequmices  of  breaking  the 
equality  of  foe  beam-beam  parameters  [11].  To  this  end  we 
have  carried  out  simulations  in  two  cases:  in  qqnoach  (a)  we 
set  $0x.+“  {0y,+“  ^0+  and  lox,-*  $0y.-*  5o-  with 
5o—  In  approach  (b),  ^x,+=  and  5oy,+®  4oy,-^ 

with  (ox  *  (die  subscripts  -t—  refer  to  foe  e'*'  (u  e~ 
beams,  respectively).  In  both  cases  we  have  maintained  the 
pairwise  e^ality  of  the  rms  beam  sizes  at  the  IP,  and  kept  the 
nominal  luminosity  fixed  at  3  x  10^^  cm~2  $-1.  Other 
ctmstraints  were  in  effect.  The  simulations  show  that:  (1)  In 
both  approaches  tmly  the  vmical  beam  blowup  is  significant, 
and  this  blowup  behaves  smoothly  as  the  beam-beam 
pvameters  move  away  fiom  full  equality.  (2)  In  jqiproach  (a), 
the  dynamics  favors  (Le.,  beam  blowiqi  is  lesso')  0.024, 

0.04  over  10+*  50-*  0-03.  (3)  In  r^oach  (b),  the 
dynamics  favors  |0y  *  0.023,  40x  "  0.04  ovm^  |qx  ^  loy  = 
0.03.  In  both  cases  the  dynamical  value  of  the  luminosity  is 
slightly  increased  fiom  foe  values  corresponding  to  loiz,+= 
^,+*  iOx,-*  ^,-=  0.03.  We  conjecture  that,  if  the  be^- 
beam  parameters  woe  chosen  acc^ing  to  foe  preference 
expres^  by  the  dynamics,  foe  operation  of  the  machine 
would  perhaps  be  smoother.  Of  course,  there  are  unfavcuable 
implications  fra  other  areas  of  the  design  associated  with  these 


changes.  For  example,  in  both  of  these  q>prooche8,  the  total 
cunent  in  the  LER  is  higher  than  in  the  nominal  case. 

S.  itoEcnc^f  Simulations 

The  transient  effects  that  follow  the  injection  of  the  first 
20%  batch  of  the  low-energy  beam  wtmn  the  high-energy 
beam  is  fully  stored  have  been  studied  by  Chin  [12].  If  the 
beam  is  injected  in  the  horizontal  plane,  the  centroid 
osdUatkms  can  lead  to  almost  head-on  collisions  at  the  PC 
locations,  with  substantial  beam  Uowiq>,  during  the  transient 
time.  If  injection  is  in  the  vertical  plane,  the  effects  firtxn  the 
PCs  are  weak.  The  ctmclusion  is  that  vertical  injection  is 
favored  ova  horizontaL 

Assuming  that  a  temporary  orbit  bump  wiU  be  required 
for  smooth  injection,  we  have  [13]  looked  at  the  effects  on 
the  dynamics  of  the  fiiUy  stoed  beams  afta  all  injection 
transients  have  died  down  but  beftae  the  obit  bump  is  turned 
off.  The  qMics  of  the  FEP-n  lattice  is  such  that  tte  kicking 
elements  of  a  traditional  orbit  bump  must  be  located  at  a 
distance  :^2.S  m  finom  the  IP.  This  lumpens  to  be  true  for  both 
rings  whetha  the  separation  is  vertical  or  horizontal.  This 
means  that  all  four  parasitic  collisions  on  eitlia  side  of  the  IP 
would  be  encompassed  by  such  an  orbit  bump.  If  the  beams 
are  separated  horizontally,  the  simulation  results  indicate  that 
the  closed  orbit  bump  must  be  tightly  constrained  by  the 
lattice  functions  and  plmse  advances  of  all  the  PC  tocatirms  in 
oda  to  maintain  the  beams  well  sqrarated,  while  there  is  no 
such  constraint  in  the  vertical-separation  case.  In  the  unlikely 
evoit  that  an  orbit  bump  encompassing  only  the  IP  and  the 
first  PC  could  be  design^  a  hoizontal  separation 
:$10  seems  to  be  adequate  for  smooth  injecti(Hi.  If  die  beams 
ate  verticafiy  sqiarated  the  dynamics  is  essentially  determined 
by  the  main  collision  at  the  IP.  In  this  case,  a  separation  dy 
;^(l-2)<7K)x  is  probably  adequate  for  smooth  injection.  As  a 
laactical  matta,  the  orbit  sq»tation  must  be  -  a  few  oQx’s  in 
magnitude  whetha  it  is  vertical  or  horizontal,  for  it  to  be 
effective;  this  cotKlusion  from  our  simulations  is  coisistent 
with  available  experience. 

The  horizontal-separation  alternative  does  have  the 
advantage  that  the  simulations  show  no  significant  beam 
blowiqi  when  the  beams  are  slowly  brought  into  coUisirxi.  In 
the  vertical-sq»ration  case,  on  the  other  hand,  the  simulatiais 
show  beam  blowup  of  ~7S%  in  the  vertical  dimension  when 
the  beam  centers  come  together  by  a  distance  dy~il-2)aQy. 
Since  PEP-n  has  conservative  beam-stay-clea  specifications, 
this  temporary  beam  blowup  seems  a  small  price  to  pay,  if 
any,  for  the  added  safety  and  simplicity  of  the  vertical 
sepatadoi  option. 

6.  Conclusions 

(1)  Nrme  of  the  simulation  results  show  any  indication 
that  the  enagy  asymmetry  is  a  problem  per  se.  Thus  PEP-II 
(or  any  other  asymmetric  collider)  does  not  seem  to  be 
qualitatively  different  from  a  single-ring,  synunetrk  machine 
from  the  pospective  of  beam-beam  dynamics  inovided  the 
beam-beam  effects  are  pirqwrly  balan^  [14].  (2)  A  beam- 


beam  parameia  (rf  0.03  seems  quite  conservative  for  PEP-ff. 

[3]  The  beams  are  suffidendy  well  sqmtaed  that  the  PCs  are 
effectively  weak.  (4)  Small  inequalities  in  the  nominal  beam- 
beam  parameters  may  imply  more  comfotable  performance 
margins  but  not  substantially  betta  luminosity  performance. 
(5)  Vertical  injection  with  vertical  beam  sqiaration  is  mote 
comfortable  than  horizontaL 
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Abstraei 

For  given  tones  (t^a,  Vp,  i/g),  the  influence  of  differ¬ 
ent  terms  in  the  nonlinear  beam-beam  forces 

is  different,  so  only  some  of  them  are  important  as 
soorees  of  regular  (nonstochastie)  effects.  As  for  ir¬ 
regular  effects,  it  seems  that  in  e'^e~  colliders  the  si¬ 
multaneous  action  of  both  quantum  fluctuations  and 
three-dimensional  nonlinearities  creates  effectively  an 
additional  stochastic  force.  The  developed  program 
of  beam-beam  simulation  including  Fourier  analysis 
of  different  moments  =  a*(t)i/(t)s”*(t)  per¬ 

mits  us  to  identify  both  regular  and  stochastic  effec¬ 
tive  forces  in  the  equivalent  equations  of  the  particles’ 
motion.  These  differential  equations  can  be  used,  for 
example,  for  the  calculation  of  the  particles’  lifetime. 

I.  INTRODUCTION 

The  idea  of  extracting  equivalent  differential  equa¬ 
tions  for  particle  coordinates  a,  y  and  s  from  inco¬ 
herent  spectrum  densities  calculated  in  the  course  of 
beam-beam  nmulations  has  been  described  in  detail 
earlier  [1,2].  The  scheme  of  calculating  the  equivalent 
equations  is  the  following. 

The  individual  spectrum  of  a  single  particle  #y  is: 

lb 

Av  =  l/n^wx;  n  =  the  number  of  revolutions. 

Incoherent  "Schottky  noise”: 


An  example  of  the  effective  equation  for  the  parti¬ 
cles’  vertical  movement  (as  explained  in  [2]): 


»-i-Try  +  w*(*,y)y  = 

=  asy  -f  6(»*—  <  **  >)tH- 
+  (e*  +  es)  “  tfc) 

(we  can  use  the  term  a^iy  instead  of  asy).  Analogous 
equations  can  be  written  for  e  and  s  oscillations. 

II.  DIFFUSION 

c«  corresponds  to  the  radiation  fluctuations  without 
BB  interactions. 

es  describes  the  result  of  the  combined  effect  of  the 
radiation  fluctuations  and  stochastic  nonlinear 
diffusion. 

For  <r*  =  we  get 


=  -27«r*  -I-  const  •  (cj  -I-  Cg)  «  0 
=  o-J  -f  J  =  ^(co  +  Acs) 


Aen  =  const  • 


/ 


Adi/ 


H  (see  Fig.  1). 

Co  =  const  /  if:(i/)i»di/ 

N  =  the  number  of  particles,  x,  y,  $  are  taken  in 

the  IP  (interaction  point).  (Using  rtal,  not  logarithmic  scales!) 
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IV.  HORIZONTAL-VERTICAL 
COUPLING 


v/V 


Fig.  1:  Vcxtical  specttum  density  with  and  withont 
b-b  interaction,  i/ao  =  0.568  ,  i/yo  =  0.610. 

III.  LONGITUDINAL-VERTICAL 
COUPLING 

Let  ns  consider  the  equation  {after  the  befpnning 
of  the  BB  interaction): 


V.  FAST  LOSS  OF  PARTICLES  IN  THE 
BEGINNING  OF  BB  INTERACTION 

The  distribution  before  BB  interaction: 


^*  =  e  **-  ,  i4*  =  y*  +  y*/w* 

In  the  beguuung  of  the  BB,  after  At  ~  ~  ^ 


<f»B  ~ 

The  technique  previously  used  in  [3]  is  used  here.  The 
number  of  particles  n  =const  /  ddil*.  is  the  neto 
distribution  of  the  particles  that  survive  after  the  be¬ 
ginning  of  BB  plus  At.  After  that  the  slow  loss  be- 
9ns. 

The  fast  loss  of  particles  (during  At  ~  rnd) 


y  -I-  w’y  =  osy 


y  =  Wo  +  V.  ;  yo  =  Ae*"*  +  A*«"*"*  ; 


s  =  Be*^*  +  B*e-* 


»•  =  5^%)  +  A'lr.-'o+w)  + 


-{-(the  analogous  term  for  —  (1) 


<  1^  >  _ 

<  y2  >  H  8u*vji/j 


{wo  —  revolution  frequency) 


TLe  full  fast  loss  is 


X  _  1 


VI.  LIFETIME  OF  THE  BEAM 
CENTER  DENSITY,  n(o) 

Here  we  give  only  an  approximate  estimation.  We 
take  into  account  only  the  diffunon  mentioned  in 
n.  In  this  approximation,  the  lifetime  to  depends 
mainly  (and  very  strongly)  on  ^  ,  t&  =  /(€),  [3] 


A* 

C  _  (pwmit.) 

'  “  2<r» 


-^(permit.)  is  the  permitted  amplitude  (the  distance  to 
the  physical  border,  or  to  the  dynamic  aperture). 


0-7803-1203-1/93303.00  0 1993  IBBp 


9  ii  ratlur  maeniaia.  For  Ug  wtieal  amiditadea, 
wkea  Af  ~  a  -  y  coupliag  it  eneatial;  ro, 

O'  ~  O’,  (aad  aot  9y). 

According  to  [3] 


Hero  t  =  o  meaai  just  aRtx  t)ie  fast  loss.  For  t  = 
7i>  =  4  hoars,  7  =  1/400T  ,  =(5^  =  1/e  we  get 
^  ~  24  ;  A(p«„iit.)/0‘  ~  7. 
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Abstract 

We  examine  the  coherent  beam-beam  effects  for  the  case 
of  a  very  flat  beam  by  multi-particle  tracking.  On 
resonances,  the  coupling  between  coherent  dipole  mode 
and  higher  modes  plays  an  important  role. 

1  Introduction 

Multi-particle  tracking(MPT)  is  a  powerful  tool  to  eval¬ 
uate  the  beam-beam  effects  accurately[l,2].  In  MPT, 
beam  is  represented  by  a  cluster  of  particles  and  each 
particle  motion  is  pursued  numerically.  The  aim  of  this 
report  is  to  examine  the  significant  effects  on  the  coher¬ 
ent  dipole  motion  by  MPT.  To  this  end,  it  is  valuable 
to  consider  the  problem  in  a  simplified  situation:  both 
beams  are  very  fiat.  In  this  case,  the  dominant  beam- 
beam  effect  will  appear  in  the  vertical  motion  only.  If  we 
neglect  the  modulation  on  the  vertical  beam-beam  force 
by  the  horizontal  betatron  motion,  we  can  consider  the 
beam-beam  problem  in  one  dimensional  space.  While 
this  is  a  rather  drastic  simplification  and  an  ideal  math¬ 
ematical  limit,  the  result  of  this  approach  should  be  use¬ 
ful  for  further  study  on  the  beam-beam  problem.  In  our 
approach,  it  is  important  that  we  evaluate  the  beam- 
beam  kick  without  any  kind  of  assumption  for  beam 
distribution. 

When  estimating  the  beam-beam  force  in  a  tracking 
study,  sometimes,  the  beam  barycenter  motoin  is  ne¬ 
glected  (both  beams  are  forced  to  be  always  in  head-on 
colii8ion)[l]  or  the  beam  envelope  is  approximated  as  a 
Gaussian[2].  The  former  schenne  artificially  eliminates 
the  contribution  from  the  dipole  mode  and  the  latter 
from  some  part  of  other  higher  order  modes.  However 
this  may  give  a  great  influence  on  the  beam  motion.  In 
fact,  as  for  the  latter,  the  importance  of  non-Gaussian 
effect  was  already  pointed  out[l].  In  the  present  pa¬ 
per,  we  will  see  that  we  should  also  pay  attention  to  the 
dipole  motion. 

MPT  with  these  two  schemes  are  less  realistic  than 
that  with  ours.  We  call  the  scheme  of  the  former,  MPT 
with  Gaussian  approximation,  the  Error-function  Scheme 
(EPS)  since  the  beam-beam  force  is  described  by  the  er¬ 
ror  function.  As  for  the  latter,  MPT  which  does  not 
include  dipole  mode,  we  call  it  the  No-Dipole  Scheme 
(NDS).  Our  scheme  is  called  the  Sorting  Scheme  (SS) 
since  the  beam-beam  force  calculation  is  executed  based 
on  the  sorting  algorithm. 


2  MPT  in  one  dimensional  spsM» 

We  consider  a  simple  model  ring  that  has  only  one  in¬ 
teraction  point(IP)  and  consists  of  only  linear  elements. 
The  beam-beam  kick  at  the  IP  is  =  0  and 

Ay,  =  J  dy,v.(y;  )f:(y,  -  y,*).  (i) 

where  E(y)  =  d;l  for  y^O,  the  quantity  with  s  refers 
to  the  encountering  bunch,  />  is  the  distribution  func¬ 
tion  and  q  is  the  nominal  beam-beam  parameter.  Here 
we  use  the  canonical  variables  of  an  e^,  yj^  =  y^/n’o, 
and  y,^  =  j3Dyt4/<^0y>  where  is  the  nominal  ver¬ 
tical  beam  size  and  is  the  nominal  betatron  func¬ 
tion  at  the  IP.  We  can  calculate  the  beam-beam  force 
by  counting  the  number  of  particlesfS].  FVom  Eq.(l), 
Ay,  =  -2x3/2|)(JV“  -  Ni)l{N:t  Ni),  where  is 
the  number  of  particles  in  the  encountering  bunch  which 
are  above  (below)  Yi .  Any  approximation  in  evaluating 
the  beam  distribution  p  is  not  necessary. 

In  the  arc,  the  beams  are  transported  with  linear 
betatron  motion  perturbed  by  the  effects  of  synchrotron 
radiation[4]:  (yt,y,)*  changes  to 

Here  p  =  2ku  (i/  being  the  tune),  A  =  exp(-l/7’)  (T 
being  the  vertical  damping  time  divided  by  the  revolu¬ 
tion  time)  and  is  a  Gwssian  random  number  with 
zero  mean  rtnd  the  unit  r.m.8. 

We  define  the  beam  coherent  quantities  as  usual:  for 
dip(^  modes,  =  (Pi*)  and  for  quadurupoles,  A/,*  = 
((Vj*  -  yj*)(y*  -  Y^)),  where  ()  means  the  average 
over  the  particles  in  a  bunch  and  i,j  =  1,2. 

3  Result  and  Discussion 

We  study  the  head-on  collision  only.  The  two  beams 
have  the  same  design  orbit.  We  use  a  rather  large  beam- 
beam  parameter,  jj  =  0.10,  in  order  to  enhance  the 
beam-beam  effects. 

S.l  Equilibrium  behavior 

We  employ  following  three  average  quantities  to  spec¬ 
ify  it:  the  average  distance  of  two  barycenters  D  = 
(|yi^  —  yj“|)a»,  the  average  effective  beam  size  E  = 
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+  ATu)**  ^  luniinoHty  reduetkHi  factor: 

Here  { )««  meana  average  over  many  turna.  The  real  lu- 
minoaity  LimLo^R  where  £>o  is  the  nominal  luminosityfS] 
At  first,  we  compare  SS  with  EPS.  The  result  is 
shown  in  Fig.l.  Generally  speaking,  the  equilibrium 


Figure  1:  The  tracking  results  of  SS  and  EPS.  (Top) 
the  luminosity  reduction  factor  A  by  SS  (line)  and  EPS 
(+)•  (Middle)  The  barycenter  difference  D  {x)  and  the 
effective  beam  size  E  (as  error  bars)  by  EPS.  (Bottom) 

D  and  C  in  SS.  Parameters:  q  =  0.10  and  T  =  1000. 
We  started  from  M  —  I  and  Y*  —  —  0.0  and  tracked 

for  10000  turns.  1000  particles  were  used  for  each  beam. 

state  predicted  by  EPS  is  very  similar  to  the  one  by  SS 
at  almost  all  tunes.  This  is  a  surprising  and  interesting 
fact.  As  far  as  the  equilibrium  property  is  concerned, 
the  Gaussian  approximation  for  beam  envelope  seems 
to  be  good.  There,  however,  are  some  exceptions. 

We  have  a  large  dip  in  A  below  v  =  0.5  (half-integer 
resonance).  This  is  due  to  the  coherent  dipole  instability [6, 
7].  Another  large  dip  is  seen  below  u  =  0.25  (the  fourth 
order  resonance)  both  in  SS  and  EPS.  We  naturally 
expect  the  quadrupole  instability [6],  however  SS  and 
EPS  show  the  appearance  of  dipole  oscillation  instead 
of  beam  size  enhancement.  The  particle  distribution  in 
phase  space  is  shown  in  Fig.2.  We  have  tiny  dipole  exci¬ 
tation  at  the  sixth  order  and  the  third  order  resonances 
in  SS,  while  it  does  not  exist  in  EPS. 

To  study  these  properties  of  nonlinear  resonances,  we 
win  observe  what  occurs  on  the  beam  motion  in  a  way 
to  the  equilibrium. 


1  —  I — 1^■^  F. . r. .. .1 . . . .1 
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Figure  2:  The  phase  space  equilibrium  distributkm  of  e* 
and  e~  bunches  ,  Y^)  on  the  fourth  order  resonance 
in  SS.  We  have  similar  beam  distribution  in  EPS.  v  — 
0.22  The  system  moves  in  period-4. 

S.t  TVsastftoa  properties 

Let  us  see  the  fourth  order  resonance  first.  See  Pig.3.  In 
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Figure  3:  The  change  of  the  barycenter  difference,  d  = 
|y+-y“|  and  two  beam emittances,  t*  =  (det  Af*)*^*, 
by  every  turn.  For  (first)  2000  turns  in  SS.  u  =  0.22. 

SS,  we  have  rapid  growth  of  both  beam  sizes  in  the  be¬ 
ginning.  However,  the  dipole  oscillation  becomes  promi¬ 
nent  gradually  and  the  beam  sizes  are  slowly  damped  to 
the  nominal  <me.  The  similar  behavior  was  observed  in 
EPS. 

The  same  mechanism  seems  to  work  at  the  nxth  or¬ 
der  resonance  (around  i/  =  0.16)  but  not  iqiparently.  We 
have  beam  size  enbancenKnt  first,  but  the  excitation 
the  dipole  mode  is  extremely  slow:  we  tracked  for  90000 
turns  (for  90  damping  time),  but  the  system  does  not 
seem  to  be  in  equilibrium.  The  phase  space  distribution 
in  SS  is  shown  in  Fig.4.  It  seems  that  q  =  0.10  is  too 
small  to  excite  a  rapid  and  large  dipole  oscillation  at  the 
sixth  order  resonance.  We  observe  a  very  small  dipole 
excitation  in  EPS  but  it  does  not  grow  at  all. 

On  the  third  order  resonance,  a  similar  mechanism 
seems  to  work.  We  found  the  dipole  oscillation  was  ex¬ 
cited  only  in  SS.  The  origin  of  this  excitation  may  at¬ 
tribute  to  the  skewness  of  p,  which  makes  the  odd  order 
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Figure  4:  The  particle  distribution  in  phase  space  on  the 
Hxth  wder  resonance  after  90000  turns  in  SS.  1/  =  0.13. 
The  system  may  not  still  be  in  the  equilibrium.  Two 
beam  envelopes  are  asymmetric  s  2.76). 

Dip<de  mode  is  exited  (D  s  2.0). 

co^^>onent8  in  beam-beam  force  with  respect  to  Yi  even 
with  head-on  collision.  We  found  the  flip-flop  states  in 
the  equilibrium  in  SS  only.  In  EFS,  because  of  this  aa- 
sumption,  the  skewness  is  sero,  so  that  the  dipole  exc^ 
tation  does  not  occur.  On  the  contrary,  in  the  collision 
with  the  primordial  ofbet  at  IP,  third  order  resonance 
can  be  excited  even  in  EFS. 

Above  results  indicate  the  importance  of  the  cou¬ 
pling  between  dipole  and  higher  order  modes.  In  this 
sense,  NDS  is  a  special  scheme  since  it  assumes  the  ex¬ 
istence  of  feed-back  system  that  eliminates  completely 
the  beam  dipole  excitation.  Especially,  in  the  case  where 
the  dipole  mode  plays  a  dominant  roje,  NDS  will  give  a 
very  different  result.  Let  us  see  it. 

S.S  No-Dipole  Scheme 

In  NDS,  a  completely  different  motion  appears  on  above 
nonlinear  resonances,  since  the  barycenter  motion  is  com¬ 
pletely  eliminated  before  the  two  beams  collide.  See 
Fig.5  and  compare  it  with  Fig.2.  In  NDS,  each  beam 
splits  into  two  pieces  in  phase  space.  Notice  that  the 
beam  sixes  change  by  period-2  and  oni  of  phase  with 
eachother.  The  assumptirxi  of  a  very  fast  and  powerful 
feed-back  system  makes  this  difference. 

4  Condusion 

We  have  realise  that  the  coupling  of  coherent  dipole 
mode  and  some  other  modes  is  important  in  the  beam- 
beam  dynamics.  Its  prominmt  effect  was  seen  on  the 
forth  order  resonance,  where  the  quadrupole  mode  was 
unstable  first,  but  tlM  dipole  mode  was  excited  gradually 
and  finally  beam  separation  took  place.  On  the  sixth  or¬ 
der  resonance,  the  same  mechanism  seems  to  work  but 
not  so  obvious.  Another  example  was  seen  at  the  third 
order  resonance.  It  seems  that  a  flip-flop  phenomenon 
and  a  small  dipole  excitation  coexist  in  the  equilibrium. 


Figure  5:  The  equilibrium  particle  distribution  in  phase 
space  in  NDS.  v  =  0.22.  T^  system  moves  in  period-4, 
tmt  the  distributicm  is  drastic^y  different  from  that  of 
SS.  See  Fig.2. 

As  stressed  in  [1],  we  should  not  use  any  assumption 
in  calculating  the  beam-beam  force.  This  applies  fw  the 
dipole  mode.  The  NDS  treats  the  very  specid  situation: 
ring  with  an  extremely  fast  feed-back  syrtem. 
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AluMBf 

The  haigitiKfinal  beam^Mam  intera^on,  which  can  lead 
to  inoohetent  healing,  synchrobetatron  coiqriing.  and  coherent 
loaghadinal  faMtidiiiities  in  circular  colUders.  is  examined, 
Tl^  analysis  diacusees  two  types  of  energy  kicks,  those  due 
to  the  transverse  panicle  motion  coopling  to  the  electric 
portion  of  the  transverse  kick,  and  those  derived  from  the 
indnettye  decttic  field  uiduced  near  the  interaction,  which  is 
obtained  from  the  transverse  kick  through  use  of  a 
geaeMdization  of  the  Panofrity-Wenzel  Theorem.  Implications 
fior  low  energy  e'^'e'  ctdliders  (tp  &  B  factories)  with  beams 
crossfaig  head^m,  and  at  finite  angles,  with  and  without  crab 
crossing,  are  (fiscusaed. 

LUTTRODUenON 


Table  1:  Notatioo  used  in  this  paper. 


e 

dectron  charge 

r 

radial  position 

transvene  coordinates 

z 

longihxfinal  coordinate 

e 

^leed  of  light 

s-z-et 

beam  coonfinate 

P 

particte  momentum 

1 

rms.  beam  size  in  i  dim. 

P 

Beta-function 

a 

Couant-Snyder  amplitude 

N 

#  etectrons  in  bunch 

* 

denotes  evaluation  at  IP 

An  nltra>relativistic  particle  with  longitudinal 
coordinales,  has  E-M  fields  which  are  nearly  normal  to  the 
(hrection  of  motion,  and  nuty  be  a^iroximated  as[l] 


£x=y5(5-jo)  (1) 

where  tfie  notation  is  given  in  Table  1.  Since  particles  do  nm 
all  collide  head  on  there  is  some  longitudinal  kick  given 
during  die  bemn-beam  interaction.  The  net  longitudinal  kick 
can  be  obtained  for  a  single  particle  by  taking  the  projection  of 
the  transverse  fields  from  the  o|q>osing  beam  onto  the  design 
ortrit  of  die  pmticle  and  integrating  over  the  betatron  phase 
space  of  the  oppomg  beam.  The  resulting  energy  kick  can  be 
dNMght  of  as  arismg  from  two  sources:  a)  longitudinal  fields, 
midb)  the  work  done  Ity  the  transverse  motion  of  the  particle 
against  the  transverse  fields. 

For  beams  that  do  not  ctdlide  at  the  nominal  intoaction 
point  (IP),  diere  is  a  time  dependent  beta  function,^(5),  and 
die  beam  size  variation  gives  rise  to  an  inductive  longitudinal 
field.  The  loiuitnifinal  momentum  has  been  previoudy  derived 
from  a  stm^  forward  retarded  relativistic  calcoiation[2].  In 
the  Ifoiit  that  die  beams  ate  shorter  than  (this  limit  is 
assumed  Ed  fofoughoot  this  pqier).  these  kicks  can  also  be 


derived  from  a  form  of  the  Panc^dey- Wenzel  Iheomn  which  is 
generalized  to  include  fields  vising  from  free  charges  [see 
^ipendix], 

.  (2) 

We  will  enqiloy  the  Pancdidcy-Wenzel  theorem  method  in  this 
papv,  as  it  is  simpler  and  mme  powerful  than  doing  the 
strai^t  fnward  calculation,  eqiecially  for  c^-axis  particles. 

n.  THE  LONGITUDINAL  BEAM-BEAM  INlERACnON 

The  longitudinal  kick  due  to  transverse  motion  is  die  sum 
of  the  individual  kicks  a  particle  receives  traversing  the 
opposing  bunch,  calculated  by  integrating  over  the  phase  space 
of  the  qiposing  bunch.  The  resulting  differential  equation  for 
the  transverse  acceleration  involves  comidex  error  functions 
for  elliptical  beams. 

A  focused  gaus^  beam  is  described  by  a  time  dependent 
charge  (tensity  and  has  associated  transverse  currents  given  by 
the  continuity  equation.  By  integrating  the  charge  and  current 
densities  we  obtain  the  corresponding  scalar  and  vector 
potentials,  which  intern  describe  associated  electric  and 
magnetic  fields.  The  Lorentz  force  tew  may  then  be  used  to 
compute  the  instantaneous  acceleration  fdt  by  a  test  particle 
traversing  these  fidds.  The  resulting  equations  contain  very 
tedious  integrals  that  may  be  solved  numerically  [2]. 

Both  cases  yield  results  that  are  not  intuitive  and  do  not 
allow  ffx  an  estimate  of  the  size  of  these  locks  which  could 
determine  the  importance  of  this  analysis  for  circular  colliders. 
Therefore  we  will  now  consider  certain  limiting  cases. 

A.  Round  Beams 

The  energy  change  (M)  an  off-axis  test  particle  which  travels 
at  a  nonzero  angle  with  reflect  to  the  axis  receives  passing 
through  an  opposing  beam  is  given  by  projecting  the  orbit  of 
die  particle  onto  the  field  the  (q^sing  beam  particles,  as 
given  by  Eq.  (1).  Assuming  a  round  beam  with  a  gaussian 
distribution,  Eq.  (1)  can  be  integrated  to  give  the  total  energy 
change  per  passage: 

A£  =  -^[^l-exp^-^jj(«'+yy).  (4) 

Averaging  over  a  betatron  oscillation  (which  is  assumed  to  be 
much  shorter  than  a  synchrotron  osciltetitm),  and  expviding 
equVion  (4)  for  r  <  reduces  diis  to 


where  we  have  introduced  the  Courant-Snyder  amplitudes 
the  particle.  Note  that  if  the  beams  do  not  collide  at  the 
nominal  IP,  implying  that/3V0,  the  energy  kick  averaged 
over  a  betatron  oscillation  is  non-vanishing. 
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Tte  eaofgy  kidc  due  to  the  taKhictive  field  is  computed 
Mint  tw  PMiottty-WHlid  Theoran: 

^^gt)  .  .  (Q 

ar  St 

War  round  be«BS  the  tnnsvenekidc  is,  from  equathm  (4). 


Since 


(7) 


(8) 


has  an  s  dependence,  the  lo^todinal  Uck  is  obtained  using 
Eqk  (7)  and  (8),  and  integrating  the  Pan<rfsky-Wenzei 
expression  (taking  the  bounctary  condition  »  0)  to 
yidd 

Averaging  ovn' a  betatron  oscillation  for  r  <  (7,  we  have 


A£ 


“  m)  L  2£  J’ 


and  the  amplitude  dqxndence  of  this  kick  is  canceled  by  the 
term  found  in  Eq.  (S).  Previous  analysis[l]  has  not  included 
this  cancellation,  which  makes  die  energy  kick  more  uniform 
as  a  funcdon  of  position.  The  resulting  total  energy  kick  for 
round  beams  is 


(10) 


This  energy  kick,  which  is  now  correlated  only  to  the  relative 
longitudinal  position  of  the  oncoming  bunch,  can  contribute 
to  a  coherent  instability,  as  discussed  in  section  m. 

B.  Flat  Beams 

Other  rdevant  aspects  of  the  beam-beam  intoaction  can 
be  analyzed  in  the  limit  that  Cg  »  Cy.  In  this  quasi-one 
dimensional  case  die  Panofiky-Woizel  theorem  reads 

^(AP,)  _ 

By  ds 

The  transverse  kick  in  a  gausaan  beam  is  given  by 


(11) 


Ap,= 


erf\- 


V2<t, 


adne 


1+ 


/ 

s 


IW 


(12) 


(13) 


The  contribidion  to  the  energy  kick  is  now  due  to  transverse 
motion  can  be  found  in  anal<^  to  Eq.  4.  Also,  the  inductive 
energy  Iddc  is,  using  Eq.  (11), 


AE 


2Cgpy(j;)  \  2^ 


(14) 


Agdn,  the  transverse  dependence  is  propMtkmal  to  the  current 
d^ity.  a  vai>  'ition  whteh  is  canceled  exactly  by  the  energy 
kick  due  to  timisverse  motion  derivaUe  from  Eq.  12  for  small 
amplitude  (y  <  <Ty)  particles.  Note  tliM  this  expresskm  is 

smaller  than  the  equivalent  roimd  beam  formula  (Eq.  (10))  by  a 
factOT  of  if  s  Oy/tTg .  This  factor  is  due  to  l^er  average 
dislanjjes  between  particles  (R/2)  and  weaker  focusing  in  the  x- 
dimension  (2). 

m.  COHERENT  BEAM-BEAM  OSCILLATIONS 

Longitudinal  beam-beam  effects  can  drive  a  coherent 
longhodhuil  oscillation.  While  this  subject  has  been  analyzed 
be^[l],  it  has  never  bemi  undmstood  that  the  longitudinal 
beam-beam  kick  is  neMlyindqiendeid of X and y.  Thecouided 
equations  of  motion  for  die  beam  centnnds  (S|j)  are 

s'  a)*s,  =  (±)k*fc(s,  -Si) 

Si  +0);S2=(±)ki*(S2-S,) 

Here,  V^,  the  rf  gradient  V’^  =  k^V^,  and 

(the  effective  beam-beam  gradient)  includes  components  due  to 
both  parallel  and  transverse  motion  of  the  beam  particles: 

(10 

The  +  (-)  sign  refers  ki  opoation  above  (below)  transition. 
Above  transition,  we  obtain  die  diqiersion  relation 

i»=0),(l-2itj*)*.  (17) 

Thus  the  instability  threshold,  which  occurs  when  coaO.  is 
given  by  2Vf^  »  If  the  vertical  beta  function  is  lowered 

by  a  factor  tj,  then  will  increase  by  a  factor  of  This 
is  a  strong  depenrtence  and  may  indicate  trouble  with  higher 
luminosity  deigns. 

If  the  machine  is  run  below  transition,  the  freqiwncy  of 
the  coupled  mode  becomes 

a)  =  a),(l+2ik*fc)*  (18) 

and  there  is  no  possibility  of  this  coherent  longitudinal 
instability. 

IV.  IMPUCATIONS  FOR  LOW  ENERGY  COLLIDERS 
A.  tp  Factories 

For  the  UCLA  91 -factory  (tesign  parameters,  the  eiqiected 
energy  kick  for  a  one  particle  is  -  1  keV.  The  rf  voltage 
gradient  =  1  MeV/m  is  quite  small  due  to  the  quasi- 
isochronous  condition  being  employed.  With  N=1.6  x  10^^, 
Rs7,  py=4  mm,  and  emittances  of  1.1  x  10*^  m-rad  in  both 
X  and  y.  the  effective  beam-beam  gradient  is 

=  (19) 

If  the  machine  is  run  above  transition,  this  gradient  is 
longitudinally  defocusing,  and  one  would  expect  serious  bunch 
lengthening,  since  to  first  order  there  is  complete  longitudinal 
defocusing. 


Thii  qrtiBn  is  also  above  tiiieshold  for  the  loogihidinal 
iastaUlify  by  a  factor  of  two  in  beam  chaise. 

If  the  machine  is  designed  to  opeiate  below  transition,  the 
beanu  have  sbdtle  coherent  longitiidinal  motion.  Thebeam- 
beam  effeds  leinfoice  the  if  focusing  because 


This  implies  that  the  bunches  could  be  shmiened  allowing 
shortre  bunches  than  present  designs  indicate. 

B.  B  Factories  with  CrtA  Crossing 

Crab  crossing  schemes  (Figure  1)  may  be  necessary  to 
provide  the  high  luminosity's  (~3  x  1(F^)  required  for  B- 
fiictories. 


Figure  1:  Schematic  reinesentation  of  crab  crossing.  Crab 
cavities  aiqily  time  dependent  if  kicks  which  tilt  the  bunches. 
After  die  collision,  another  set  of  crab  cavities  kick  the  beams 
back  to  there  original  orientdions. 

The  longitiMiinal  beam-beam  interaction  could  become 
important  in  diis  type  of  scheme.  Recall  that  the  energy  kick 
doe  to  transverse  motion  for  round  beams  contains  terms 
proportional  to  xx',yy'.  For  crab  crossing  the  angle  x'  is 
now  essentially  to  the  crossing  angle.  The  resulting  energy 
kick  may  i^ain  lead  to  large  longitudinal  effects.  This  issue 
needs  to  be  investigated  further. 


Appendix:  Generalized  Panofsky-Wenzel  Theturem 


The  Panofsky-Wenzel  theorem  gives  a  rdatioadiip  between 
the  integrated  longitudinal  and  transverse  momentum  kicks  a 
pmticle  receives  as  it  traverses  a  medium  or  device  excited  in 
the  wake  of  another  particle  [4],  This  aiqiendix  will  generalize 
this  theorem  to  include  fiel^  arising  from  free  charges, 
assuming  that  fields  and  potentials  vanidi  at  infinity,  and  thd 
the  particle  receiving  the  Iddc  travels  poraild  to  die  z  axis.  In 
general,  an  electric  field  E  may  be  described  in  tmms  of  a 
scalar  potential  ( O )  and  vectm  potential  ( A ): 

£  =  -i~-Vd>  .  (22) 

c  at 

Inserting  (22)  into  the  Lorentz  force  equation 

F  =  +  (23) 

and  noting  that  for  a  particle  traveling  parallel  to  the  z-axis 

iyl,xB  =  Pl,^x(VxA)=^p|,Az)-Pl,^  (24) 

we  obtain  the  following  expression  for  W,  the  force  per  unit 
charge  q: 

W  =  (25) 

By  noting  that 


equation  (2S)  can  be  rewritten  as 


Outside  of  region  R,  A^O,  leaving 


Ap=v^J(^,a,- 

K 


^)dz  . 


Since  it  can  be  derived  from  a  potential,  Ap  satisfies  the 
lekuion 

Vx{dp)  =  0  (29) 

In  shorthand  notation,  this  can  be  written  as 

Vi(Ap,)  =  ii^.  (30) 


V.  CONCLUSION 

This  paper  has  analyzed  two  types  of  longitudinal  kicks 
arising  from  the  longitudinal  beam-b«un  interaction:  those  due 
to  the  transverse  particle  motion  coupling  to  the  transverse 
pmtion  of  the  electric  kick,  and  those  derived  from  the 
iiuhictive  electric  field  induced  near  the  interaction  point. 
These  effects  may  become  important  in  low  energy  or  high 
luminosity  .coUiders  (<p  &  B  factories)  since  they  may  lead  to 
coherent  longitudinal  instabilities.  These  effects  can  be 
minimized  by  the  use  of  flat  beams.  In  addition,  if  coherent 
ihstdiilities  become  a  problem,  it  may  be  necessary  to  operate 
below  transition.  The  effect  on  low  energy  colliders  such  as  B- 
factories  which  may  utilize  crab  crossing  to  improve 
luminosity  needs  to  be  addressed  frutho'. 
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II.  FORMULA  FOR  THE  BEAM-BEAM  MAP 


By  unng  a  synq^lectie  code  in  the  aix  dimeneioael 
pluee  speoe,  «e  have  tried  to  study  beam  blow-up  due 
to  the  cmnbined  dfect  of  the  beam-beam  force  and  the 
other  non-liaear  fwcee  {ran  the  lattice.  Time  depen¬ 
dence  of  beam  blow-up  was  studied.  With  the  nomi¬ 
nal  beam-beam  parameters  of  the  KEK  B  factory  (0.05), 
smne  beam  blow-up  was  observed  in  the  rimulation.  The 
8imulati<»  showed  that  the  beam-beam  interactimi  does 
not  affect  dynamic  aperture. 

I.  INTRODUCTION 

The  motivatioo  of  this  study  arises  mainly  from  de¬ 
signs  of  future  B  factmies.  The  designers  of  B  facto¬ 
ries  want  to  know  the  answm  to  the  following  questions; 

(1) How  fast  damping  rate  is  requited  to  keep  the  effects 
of  the  beam-beam  interaction  within  a  tolerable  regi<»i? 

(2) Which  tunes  should  we  choose  to  minimise  the  harm¬ 
ful  dfects  (ff  the  beam-beam  interaction?  (3)How  long 
bimch  length  should  we  use  ?  (4)How  large  (horiaon- 
tal)  ctosring  angle  for  the  purpose  of  beam  separation 
is  alloarable  from  the  viewpoint  of  the  beam-beam  in¬ 
teraction?  and  so  on.  In  studying  the  above  issues,  we 
should  study  f'ot  only  the  effects  of  the  beam-beam  inter- 
acticHi  alone  but  also  non-linearity  of  a  h^tice  in  coqjunc- 
tion  with  the  beam-beam  interactkm.  In  this  study  we 
aimed  at  sironlating  beam  behavior  taking  both  effects 
of  the  beam-beam  interaction  and  non-linearity  of  the 
lattice  into  consideration  simultaneously.  Fbr  this  pur¬ 
pose  we  added  the  beam-beam  force  to  the  tracking  code 
’*SAD”[1]  which  has  been  devek^ed  at  KEK.  As  for  the 
beam-beam  interactkm  we  followed  the  method  proposed 
by  K.  Hirata  et  al.[2]  where  both  of  the  bunch  length  ef¬ 
fect  on  the  collision  points  and  the  energy  change  caused 
by  tlm  electric  field  of  the  counter-rotating  beam  are  con- 
sklered.  The  energy  change  is  necessary  to  keep  the  map 
symi^tic  in  the  six  dimensional  phase  space. 

Our  study  is  still  at  an  early  stage  and  in  this  pa¬ 
per  some  preliminary  results  on  the  head-on  coUisicm  case 
are  described.  We  used  the  lattice  of  the  KEK  B  factory 
which  is  being  designed  for  its  km  energy  ring{3].  Al- 
thoQgh  this  study  has  been  done  on  the  KEK  B  factory 
ring,  our  method  is,  of  course,  in  principle  applicable  to 
any  ring  cdlider. 


In  this  simulati<m  a  strong  bunch  is  divided  into  some 
slices  so  that  each  slice  contains  the  same  number  of  par¬ 
ticles.  Each  slice  is  represented  by  a  infinitesimally  thin 
disc  which  is  located  at  the  barycentre  of  the  particles. 
We  assume  that  the  strong  bunch  has  gaussian  distribu¬ 
tion  in  the  six  dimension.  In  the  following,  we  consider 
a  map  for  a  weak  particle  affected  by  the  strong  (thin) 
slice.  As  is  mentioned  above,  we  used  a  beam-beam  miq> 
proposed  by  K.  Hirata  et  al.[2].  Here,  we  briefiy  describe 
this  beam-beam  map. 

The  motion  of  a  particle  belonging  to  the  weak  beam 
is  described  by  the  coordinate 


as  a  function  of  the  distance, s  from  the  IP.  (Hie  val¬ 
ues  for  the  strong  slice  are  specified  by  asteridis  in  sub¬ 
script.)  Here,  x  and  y  are  the  transverse  position  devi- 
atbns  from  the  nominal  orbit.  And  p,  and  are  asso¬ 
ciated  mcunenta  ntwmalised  by  po  (the  absdute  value  of 
three-momentum  p  fcnr  a  reference  particle;!,  e. 


(P».Pr) 


Po  'df’df' 


where  7  is  the  Lwentz  factor  for  the  considered  particle. 
In  the  longitudinal  direction,  we  use 


z  =  c(<0  -  0 


where  c  is  the  light  velocity  and  to  —  tis  the  difference  in 
the  arrival  times  at  s  between  the  relevabi  particle  and 
the  reference  particle.  And  we  also  use 

f  —  P~Po  _  ^ 

Po  ^0 

where  we  assumed  the  ultrarrelativistic  beam  for  brief¬ 
ness.  The  map  has  the  following  form; 

*"•*  =  z-^S(z,z,)fx{X,Y,Z), 

=  P,-fx{X,Y,Z), 
y"-  =  y-\.S{z,z,)fY{X,Y,Z), 
p;**  =  P,-fYiX,Y,Z), 

r"**  =  r 

=  e-^fx{X,Y,Z)\ps-^fx(X,Y,Z)] 


(K78(»-12(I3-1/93$03.00  0 1993  IEEE 
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-fiX,Y,Z).  (1) 


Id  thcM  expMMioiu,  we  we  the  wuaJ  Baeeetti- 
^skine  fiEMmula  for  a  geweiaD  bunch  which  gives  the 
traosverie  (2  dimeimoB)  beaoi-beain  kick[4]; 


a»(«))  4-  ifsi*,  y,  <r,(s),  <r,(s)) 
=  A--.  ) 


»*  •*'*  +  *f“'y 


One  should  note  that  the  arguments  oi  /«,  /,  in  the  map 
are  different  from  the  above.  We  have  to  replace  x,y  and 
s  in  eq.  (2)  by  X,Y,  and  S  that  are  defined  as  follows: 


turns}.  In  the  trackii^  we  included  the  effects  ai  radia- 
ti(m  damping  and  quairtura  excitation.  Fig.  1  shows  the 
votical  beam  sise  as  a  function  oi  the  number  (ff  turns. 
(In  this  condition  beam  bkiw-up  in  the  horumital  or  lon¬ 
gitudinal  direction  was  not  lemarkabfe.)  As  is  seen  in 
the  figure  beam  blow-up  does  not  depend  significantly  on 
the  number  ot  slices  except  in  the  case  of  one  slice.  How¬ 
ever,  in  the  following  simulation  we  used  20  slices,  mat 
almost  all  computing  time  is  devoted  to  the  tracking  in 
the  lattice  and  increasing  the  number  of  the  slices  does 
not  contribute  to  the  total  computing  time.  As  is  also 
seen  in  Fig.  1,  10000  or  20000  turns  is  maybe  enough 
to  estimate  roughly  the  equilibrium  beam  nse.  In  the 
fdlowing  simulation  we  tracked  100  particles  fw  10000 
turiu  fw  economy  oi  time.  The  initial  distribution  for 
weak  bunch  is  generated  by  a  random  number  method 
with  6  dimension  gaussian  distribution.  We  use  nominal 
machine  parameters  fat  the  standard  deviations  of  the 
distributicms. 


5(r,s*)  =  (r-r,)/2, 

X  =  x  +  pgSiz,x»), 

Y  =  y  +  p,Siz,2,), 

Z  =  z 

The  last  term  in  eq.(l)  comes  from  the  longitudinal  elec¬ 
tric  fidd  due  to  the  strong  slice  and  are  expressed  for  a 
gaussian  distributimi  as 

9(,X,Y,<faiS),9ff(S))  —  (~ot* +7*S)A*-1-(— Q!j( 


20000  SOOOO 

Turns 


40000 


where  a  and  7  are  twiss  parameters  at  the  IP  and 
ate  defined  by 


A..y(X,y,«r.(5(Z)),<ry(5(Z))) 

^  2W,r,  r<r,^  .  ,U 


ni.  CHOICE  OF  BASIC  TRACKING  PARAMETERS 


By  using  the  tracking  program,  we  have  mainly  stud¬ 
ied  beam  blow-up  and  its  (betatron)  tune  dependence. 
We  also  studied  the  effect  of  the  beam-beam  interaction 
(m  dynamic  aperture.  Pri<»  to  the  tracking  studies,  we 
examined  some  basic  parameters  used  in  the  trackings. 
To  see  beam  blow-up  multiple  particles  are  tracked  si¬ 
multaneously.  In  this  study  we  tracked  100  super  parti¬ 
cles  which  represent  the  weak  bunch  for  each  case.  (Al¬ 
though  we  c<»npared  a  case  that  100  particles  are  tracked 
to  a  case  of  1000  particles  for  one  damping  time  (8000 
turns),  we  found  no  essential  difference  between  them.) 
In  our  simulation  code,  the  strong  bunch  is  composed  of 
some  thin  slices.  With  some  different  number  of  slices  we 
tracked  100  weak  particles  for  five  damping  times  (40000 


Figure  1:  The  vertical  beam  size  as  a  function  oi  the 
number  of  turns  with  different  number  oi  slices.  The 
cases  of  1,  3,  5,  10  and  20  slices  were  examined. 


IV.  SOME  RESULTS  OF  THE  SIMULATION 

A.  Dependence  of  beam  size  on  betatron  tunes 

The  nominid  tune  of  the  KEK  P  factory  of  the 
present  design  is  =  (41.12,41.19).  With  some 

different  vertical  tunes  we  made  trackinp  and  observed 
equilibrium  beam  sizes  under  the  condition  that  the  hor¬ 
izontal  tune  was  fixed  at  41.12.  The  result  oi  the  tune 
survey  is  shown  in  Fig.  2.  The  solid  line  denotes  the 
case  that  the  beam-beam  interactimi  exists.  The  dot¬ 
ted  line  designates  the  c««  that  the  beam-beam  interac¬ 
tion  is  removed.  Even  without  the  beam-beam  interac¬ 
tion,  the  vertical  beam  size  increases  around  the  coupling 
resonance.  With  the  beam-beam  interaction  there  are 
three  peak.  They  might  be  assigned  to  the  resonances  of 
Vg  =  =  165  end  +  2i/y  =  165.  The  nominal 

tune  was  chosen  considering  dynaunic  aperture  and  the 
coupling  correction.  Fortunately  this  tune  is  also  good 
from  the  viewpoint  of  the  beam-beam  interaction.  How¬ 
ever,  even  with  this  good  tune  some  beam  blow-up  is 
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Figure  2:  IVine  dependence  of  the  equilibrium  beam  size. 

B.  Dtpendence  of  beam  site  on  ike  beam-beam  parameters 
At  the  nominal  tune  of  {ug^v^)  =  (41.12,41.19),  de¬ 
pendence  of  beam  size  on  the  beam-beam  parameters 
were  examined.  The  result  is  shown  in  Fig.  3.  If  the 
beam-beam  parameter  is  small,  the  vertical  beam  size  de¬ 
creases  as  time  goes  by.  This  is  because  the  initial  beam 
size  for  which  we  used  tho  nominal  value  of  x-y  coupling 
(1%)  is  di^vent  from  the  value  which  is  determined  by 
the  lattice.  In  this  study  we  did  not  consider  any  mar 
chine  error  and  the  calculated  emittance  ratio  (Cy/Cf) 
was  0.1%.  With  the  nominal  beam-beam  parameters  of 
0.05,  some  beaun  blow-up  was  observed  in  the  simulation. 


Turns 

Figure  3:  The  vertical  beam  size  as  a  function  of  the 
number  of  turns  with  different  number  of  particles  in  the 
strong  bunch.  The  cases  with  ^  =  |y  of  0,  0.01,  0.03, 
0.04  and  0.05  are  shown. 

C.  Dynamic  apertnre 

At  the  nominal  tune,  we  investigated  dynamic  ^er- 
ture  in  two  cases;  with  and  without  the  beam-beam  in¬ 
teraction.  For  each  case,  both  the  horizontal  and  the 
vertical  ^rtures  were  studies.  We  found  that  d3rnamic 
iq>erture  in  both  directions  is  not  affected  by  the  beam- 
beam  interaction  almost  at  all.  In  Fig.4  the  horizontal 
aperture  is  depicted  as  a  function  cf  momentum  deviar 
tion.  As  is  shown  in  the  figure,  there  is  no  signature  that 
dynamic  aperture  is  influenced  by  the  beam-beam  inter- 


actkm  as  far  as  the  present  case  is  concerned.  However, 
this  seems  to  be  not  so  surprising,  since  unlike  unial  non¬ 
linear  forces  the  beam-beam  force  decreases  r^>idly  as  the 
anq>litude  the  betatron  oscillation  becomes  large. 


Figure  4:  Horizcmtal  dynamic  ^erture  as  a  function  of 
momentum  deviation. 

V.  SUMMARY  AND  REMAINING  PROBLEMS 

By  using  a  symplectic  code  in  the  six  dimensional 
phase  space,  we  have  tried  to  study  beam  blow-up  due  to 
the  combined  effect  of  the  beam-beam  fnce  and  the  other 
non-linear  forces  from  the  lattice.  Beam  blow-up  depends 
on  betatron  tunes  and  the  resonance  lines  which  seem  to 
induce  the  beam  blow-up  were  found.  However,  to  what 
extent  the  lattice  non-linearity  is  responsible  to  the  beam 
blow-up  is  not  clear  from  the  present  study.  To  see  this,  it 
is  important  to  compare  the  present  results  with  the  case 
that  the  non-linearity  of  the  lattice  is  removed  frc»n  the 
simulation  and  only  the  beam-beun  force  is  a  non-linear 
element  in  the  ring.  With  the  nominal  beam-beam  pa¬ 
rameters  of  the  KEK  B  factory  (0.05),  some  beam  blow¬ 
up  was  observed  in  the  simulation.  Aiming  at  suppressi<» 
of  this  beam  blow-up,  shortening  the  radiation  damping 
time  may  be  helpful.  The  effect  of  the  damping  can  be 
and  should  be  simulated  using  the  present  code.  The  sim¬ 
ulation  showed  that  the  beam-beam  interaction  does  not 
affect  dynamic  aperture  so  far  as  the  present  case  is  con¬ 
cerned.  Other  interesting  issues  such  as  relationship  be¬ 
tween  synchro-betatron  resonance  and  crossing  angle  at 
bunch  length  can  also  be  dealt  with  the  present  method 
and  will  be  investigated  shortly. 
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AUtnet 

This  wcffk  extends  Il(d>inson’8  stability  studies  [1] 
to  include  a  rf  harmcnic.  Using  an  equivalent 

cucuit  model,  the  stability  of  the  ’^mode”  cdierent  dipole 
oscillatkn  of  bundled  beams  is  studied  for  synchrotrons  or 
storage  rings  with  rf  systems  <^rated  at  the  fundamental 
and  a  hi^er  harmiHiic,  i.e.,  a  second  or  third  harmonic. 
Analytical  expressions  of  the  stability  criteria  are  derived 
from  the  Unearoed  circuit  equations.  Numerical  sdutions 
of  the  frilly  nonlinear  equations  ate  provided  to  compare 
with  the  analytical  results.  A  simple  feedback  model  for 
stabilisation  is  discussed. 


In  the  equivalent  circuit  model,  an  rf  cavity  is 
envisioned  as  a  parallel  RLC  circuit.  The  applied  rf  power 
source  and  the  circulating  beam  current  can  be  modeled 
as  currents  ig  and  <»,  respectivdy.  We  consider  a  system 
having  two  cavities:  a  ‘Yundamental  cavity”  operated  at 
the  frequency  ii>i,  which  is  equal  to  the  hth  harmonic  of  the 
revdution  frequency  of  beam  particles,  and  a  “haniKHiic 
cavity”  operated  at  the  frequency  0/3,  which  is  equal  to 
nwx.  For  systems  run  with  both  frequencks  of  rf  power 
in  one  type  of  cavity,  the  following  formalism  still  is 
applicable. 

By  KirchholT’s  law,  the  total  voltage  on  each  cavity 
Vk  satisfies  the  differential  equation 


I.  INTRODUCTION 

Bigher^harmonic  rf  systems  are  frequently  used  in 
synchrotrons  and  storage  rings  to  increase  bunch  length 
in  Mder  to  teduee  die  space  charge  effects,  and  to  damp 
the  longitudinal  instability  by  increasing  the  synchrotron 
frequency  ^iread  [2,3].  Under  the  circumstance  of  heavy 
beam-loading,  instability  may  occur  due  to  the  beam- 
induced  voltage  <Hi  the  cavities.  For  a  single-frequency 
rf  system,  this  kind  of  instability  has  been  well  studied 

[1.4] .  However,  few  documents  can  be  found  on  the 
theory  the  stability  of  rf  systems  with  higher  harmonics 

[3.5] .  A  rigwous  study  this  subject  requires  either 
cmnplex  calculatkHis  using  kinetic  thecwy  and  nonlinear 
particle  dynamics  or  substantial  computer  simulations  for 
eiqilorBig  the  parameter  space,  ^cause  some  future 
accelerators  may  use  a  higher-hamumic  rf  system,  a 
theoretical  understanding  of  and  methods  for  estimating 
the  stability  of  dmible-harmonic  rf  system  are  needed 
b^re  rigorous  the<»y  and  cmnputational  data  become 
available.  Simple  conditions  for  stability  were  obtained 
1^  Miyahara  et  al.  [3];  however,  these  results  are 
applicsdile  for  s(»ne  specific  cases  only.  In  the  followings, 
we  discuss  the  beam  loading  stability  in  an  rf  system  with 
a  hi^er  harmonic  by  directly  investigating  the  equations 
derived  fitom  the  equivalent  circuit  model.  An  example  of 
amtrolling  the  system  stability  by  using  the  feedback” 
[6]  will  be  given.  Details  of  the  mathematical  derivations 
and  part  of  the  following  materials  have  been  included  in 
a  few  recent  reports  [7,8]. 

II.  THEORETICAL  MODEL 


*Worii  nipported  by  the  US  Dw>aitiiient  of  Einergy,  Office  of  Hi^ 
Baggy  wmI  Nodear  Pbjwics. 


where  k  =  1  (for  the  fundamental  cavity)  or  2  (for 
the  higher  harmonic  cavities);  t  is  the  time,  at  = 
‘*'rk/(2Qk),  =  l/iLiCk);  Rk,  Lk,  Ck  and  Qk  are 

the  shunt  resistance,  the  inductance,  the  capacitance,  and 
the  quality  factor  of  each  cavity  respectively.  For  high- 
Q  cavities,  only  those  Fourier  components  of  4  with 
frequencies  near  u>rk  used  to  be  considered.  In  the 
steady  state,  vt  is  maintained  at  the  phase  ^th 
respect  to  the  beam  current.  Our  interest  here  is  the 
stability  of  the  small  oscillations  of  the  phase  deviations 
in  cavity  voltages  end  beam  current  (^t2  = 
n^ki)  around  their  steady  states.  Thus,  making  the 
substitutions  of  w*  =  Vi(t)exp{— jfwjf -I- Vvk +  ^«k(f)]}. 
*»  w  hi  exp{-i[wit  +  ^n(0j}  +  A2exp{-j[w2f  -f-  ^m(0]}. 
and  igk  =  Igk  exp{-ji(u;kf  -f  ^,k)}  in  Eq.  (1),  we  derive 


1  dVk 


- - ^  +  Vfc  =  TJk  [i#k  cos  -  Ikk  COs(^»k  -  ^i»k  -  V'»k)] 


and 


(2) 


1  d^vk  _  Wrl  -  Ugk 
Ofk  dt  Qk 


—  Rk  [fyk  sin  4>vk 


+  hk  sin(^*k  -  d>vk  -  V’»k)]  /Vk 


(3) 


where  j  =  s/^.  Some  approximations  were  used  to  derive 
Eqs.  (2)  and  (3).  First,  we  assumed  that  the  bandwidths 
of  the  impedances  of  these  two  types  of  cavities  are 
much  smaller  than  the  separation  between  their  resonant 
frequencies,  so  only  one  of  the  beam  current’s  harmonics 
is  considered  for  each  cavity.  Second,  because  at  <C  Uk 
for  high-Q  and  high  frequency  cavities,  we  neglected  the 
time  derivatives  of  14  and  dVk/dt  when  comparing  with 
the  products  of  these  qunatities  and  the  rf  frequencies.  For 
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•impHcity,  we  aanuned  i.e.,  the  aystem  is  tuned 

for  the  if  souicee  to  see  rui  impedances.  In  obtaining  Eq. 
(3),  we  also  used  the  ipproodmation  w*  +  2wt. 

The  equations  beam  motion  are  those  of 
aynehiotion  motion: 

=  1^  ['^1  -  d»i)  -  Vii  sin 

+  Va  8in(t^,3  +  d«3  -  ndti)  -  V,a  sin  0,j]  , 

and 

■5r  =  "75‘l'irJ  ’ 


of  a  beam  particle  respectively;  and  R  is  the  averaged 
machine  radius.  Ail  these  conditions  must  be  satisfied  for 
the  system  stability.  Condition  Fi  >  0  can  be  rewritten  as 

. _ 2(1-0 _ 

Vticoerlfti  sin(2dyi)  -  nd(%3/^i)sin(2dy2)  ’  ' 

where  d  =  ha/ hi-  Equatim  (7)  is  similar  to  the  result 
obt^ed  by  Miyahara  et  al.  [3]  except  for  the  factor  of 
d  on  the  right  hand  side.  When  (  =  d  =  0,  the  above 
inequality  reduces  to  the  Robinson  stability  criterion  [1] 

8in(2d,i)  <  (21^,1  coeVi.O/CTii/n)  .  (8) 


where  Eq  is  the  total  energy  of  the  reference  particle, 
AE  is  the  energy  deviation  from  Eq,  is  the  speed  of 
the  reference  particle  divided  by  the  speed  of  light,  i>,k 
is  the  synchr<»ous  angle  between  the  beam  current  and 
the  cavity  voltages,  is  the  value  of  V*  at  steady  state, 
and  q  =  7t~^  —  In  this  p^er  we  consider  the  case 
of  7  <  7t.  However,  the  case  of  7  >  7(  can  be  treated 
with  the  same  procedures.  Note  that  in  the  steady  state 
V,u  =  Tlk(Itk  -  hk  cos  and 

-(Rkhk  sin  ^vk)/Vtk  =  (wrt  —  wt)/at*  =  tan  (6) 

where  dyfc  ia  referred  to  as  the  detuning  angle. 

III.  LINEAR  STABILITY  CONDITIONS 

Applying  Routh’s  criteria  [9],  we  obtain  the  following 
necessary  and  sufficient  conditions  for  a  stable  system: 


Fi  =  bo  >  0, 

Fa  =  (3(6465  —  63)  —  65(6563  —  61)  >  0, 

Fa  =  (6465  —  63)(6363  +  6065  —  6164)— (6365  —  61)’  >  0, 

and 

F4  =  [63(6465  —  63)  —  65(6563  —  6i)][6i(6265  -  6i) 

—  606365]  —  [61(6465  —  63)  —  6065]^  >  0, 

where 

^0  =  ‘*'J(1  —  i)pipa  —  ^iPi  —  ^aPit 

61  =  2wJ(l  —  €)(®iP2  +  ®2Pi)  —  2(OiA2  + 

63  =  P1P2  +  wj(l  —  0(Pi  +  Pa  +  40103)  —  •^1  —  •^3. 

63  =  2(oiP2  +  03P1)  +  2u;^(l  —  0(®i  +  “a)* 

64  =  Pi  +  Pa  +  401O3  +  w?(l  —  Ot 

65  =  2(oi  +  03), 

^  =  -{nV,avx^,a)Hy,ico6i>,i), 

\k  =  (o2ii;j7ifc/5fctand|,*)/(Y»i«»^*i)i 

Pi  =  ojsec’^yt, 

where  u,  =  [(— cosV>ji)/(2jrmiJ*)]‘/*,  is  the 
synchrotron  frequency  without  the  higher  harmonic  rf 
field;  q  and  m  are  the  charge  and  the  relativistic  mass 


The  other  Robinscm  stability  condition,  sin  dyi  >  0,  can  be 
obtained  from  the  ccmditicHi  F4  >  0  by  letting  (  =  d  =  0 
and  03  — »  0. 
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Figure  1.  Comparison  of  the  analytical  and  the  numerical 
solutions  for  Eqs.  ^)-(5).  Shaded  areas  correspond  to  the 
unstable  regions:  F4  >  0  at  the  lower  left  corner;  Fi  >  0 
and  F4  >  0  (heavily  shaded)  at  the  upper  right  comer. 
Numerical  solutions  of  Eqs.  (2)-(5)  are  shown  by  circles 
for  stable  and  daunped  oscillations,  stars  for  unbounded 
unstable  solutions,  and  triangles  for  initially  unstable  but 
asymptotically  bounded  solutions. 

The  nonlinear  equations  (2)-(5)  have  been  solved 
numerically  to  compare  with  the  results  evaluated  from 
the  linear  stability  conditions.  In  general,  solutions  of  Eqs. 
(2)-(5)  can  be  roughly  grouped  into  three  categories:  (i) 
stable  and  damped  oscillations,  (ii)  unbounded  unstable 
solutions,  and  (iii)  initially  unstable  but  asymptotically 
bounded  solutions.  A  comparison  of  the  numerical  with 
the  analytical  solutions  is  given  in  Figure  1.  In  this  case, 
both  the  fundamental  and  second  harmcxiic  rf  are  used  for 
bunchmg.  The  unstable  zones  are  shown  in  the  shaded 
areas  on  the  (  -  dyi  plane  for  the  parameter  values  of 
«  =  2,  ^,1  =  0,  V»2  =  *■.  (w,/ai)®  =  0.1,  TlalTli  =  0.3, 
Qi  —  Qat  ^d  d  =  0.7.  The  cavity  detunings  are  related 
by  tandy3  =  -(nd7i2/^i)tandyi.  Conditions  Fa  >  0 
and  F3  >  0  are  always  satisfied  in  this  region.  Also 
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sbown  io  Figute  1  are  the  qualitative  results  of  more  thau 
ftfty  numerical  sdutkms  of  Eqs.  (2)-(S).  The  agreements 
between  the  analytical  and  the  numerical  solutions  seem 
very  good  in  describing  the  local  stability. 

IV.  FEEDBACK  CONTROL 

We  c(»sider  an  example  of  increasing  stability  by 
using  the  M  feedback”  [6].  More  control  examples  will 
be  included  in  another  paper  [10].  In  the  rf  feedback,  a 
fraction  of  the  rf  gap  vdtage  a  subtracted  from  the  driving 
signal  at  an  appropriate  point  in  the  amplifier  chain.  When 
using  this  kind  of  feedback  with  an  open  loop  gain  H, 
the  effective  cavity  impedance  will  be  reduced  by  a  factor 
(1  +  ^).  For  a  single-harmonic  system,  if  the  rf  feedback  is 
the  only  control  used,  the  threshold  current  in  Eq.  (8)  can 
be  raised  by  a  same  factor.  For  a  double-harmonic  system 
equipped  with  separate  rf  feedbacks  for  each  harmonic,  the 
linear  stability  conditions  derived  in  the  last  section  are 
modified  by  the  substitution  of  Ht  —*  HI  =  Hk/(l  -f  Ht) 
for  k  =  1  and  2,  where  Hk  is  the  open  lo<^  gains  of  the  rf 
feedbacks.  Analytical  relations  between  the  stability  limits 
and  Hk  are  difficult  to  obtain  in  this  case  and  a  numerical 
evaluation  is  necessary. 


Figure  2.  Plot  of  the  threshold  beam  current  versus 
for  TV^/Hi  =  0.8  (dotted  curves  and  lines),  0.4  (solid),  0.1 
(dashed],  and  the  system  parameter  values  given  in  the 
text.  Tne  curves  correspond  to  the  solutions  of  Fi  =  0. 
The  almost  vertical  lines  on  both  sides  of  the  curves  are 
the  solutions  of  Fit  =  0  (the  LHS  and  the  RHS  solutions). 
F(»  H\ITl\  —  0.1  and  0.4,  the  LHS  solutions  coincide  with 
the  line  =  0.  The  stable  zones  are  these  renmis  below 
the  curves  and  between  the  LHS  and  the  RHS  solutions, 
lie  thresholds  derived  from  Fq  >  0  and  F3  >  0  are  higher 
than  100. 

As  an  example,  consider  an  rf  system  operated  at 
both  the  fundamental  and  the  second  harmonics.  We 
assume  that,  in  the  absence  feedback,  the  system  is 
characterized  by  (  =  0.8,  Qi  =  Q3,  ^»2  =  70®,  d  = 


0.65,  (u;«/ai)’  =  0.1,  and  H3/H1  =  0.4.  With  the 
feedback  on,  the  threshold  beam  currents  normalized  by 
cos ,  are  shown  in  Figure  2  as  functions  of  4^1 
for  the  cases  of  =  0.8,  0.4,  and  0.1. 

As  shown  in  Figure  2,  the  stability  limit  given  by 
the  vertical  line  on  the  right  hand  side  of  the  figure  moves 
towards  a  higher  detuning  angle  when  the  ratio  'R,\l'Tl\ 
decreases.  In  the  medium  and  low  regions,  the  stability 
limit  given  by  the  curve  increases  as  the  ratio  H\ITL\ 
increases.  Thus,  for  systems  <^erated  at  high  H3 
needs  to  be  higher  than  Hi  in  order  to  increase  the  system 
stability.  For  the  systems  (derated  at  medium  and  low 
^yi,  it  may  be  more  desirable  to  have  higher  Hi  for  hij^er 
stability. 


V.  CONCLUSIONS 

Using  an  equivalent  circuit  model  and  linearized 
circuit  equations,  we  derived  the  stability  conditions  for 
the  beam-loading  in  synchrotrons  «  storage  rings  with 
a  higher  rf  harmonic.  We  found  that,  when  compared 
with  the  beam-loading  stability  limit  of  a  single-frequency 
system,  the  addition  of  higher-harmonic  rf  without  any 
external  contrd  may  decrease  the  stability  threshold. 
Numerical  examples  of  the  stability  limits  were  given  and 
compared  with  the  analytical  results.  The  agreements 
between  the  analytical  and  the  numerical  solutions  in 
describing  the  local  stability  are  very  good.  Finally,  we 
gave  an  example  of  the  use  of  the  “rf  feedback”  control 
was  discussed  by  using  an  example. 
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Abstract 

In  the  damping  rings  of  future  linear  colliders, 
bunches  will  be  filled  along  the  ring  in  a  bunch-train 
configuiatkm,  where  spacing  between  trains  is  much 
larger  than  bunch-lo-bunch  spacing  in  a  train.  Because  of 
dtis  configuimion,  beam  loar^g  in  RF  cavities  will  cause 
the  shift  of  bundles  from  their  nominal  longitudinal 
positions.  The  shift  can  be  compensated  with  an  active  w 
a  passive  RF  cavity  whose  resonance  frequency  is  well 
controlled.  By  tracking  simulations,  the  method  is 
demonstrated  for  ATF  damping  ring  at  KEK. 

I.  INTRODUCTION 

In  Older  to  achieve  high  luminosity,  a  train  of  many 
bunches  with  narrow  spacing  is  accelerated  in  a  long  RF 
pulse  .  In  the  damping  rings  for  this  type  of  operation, 
beams  should  have  bunch-train  configurations.  Beams  in 
the  ring  will  consist  of  scrnie  trains  which  contain  many 
bunches  vidth  narrow  qncing.  Spacing  between  trains  in  a 
ring  should  be  longer  than  rise  and  fall  time  of  kicker 
magnets  for  injection  and  extraction  and  will  be  much 
longer  than  spacing  of  bunches  in  a  train.  In  the  present 
design  of  JLCfJtqian  Linear  Collider),  spacing  between 
bunches  in  a  train  is  less  than  6  nsec  and  spadng  between 
trains  is  more  than  60  nsec. 

Bunches  in  this  oonfiguration  induce  transient  beam 
loading  in  RF  cavities  varying  firom  bunch  to  bunch  in  a 
train;  a  bunch  in  tail  of  a  train  feels  higher  wake  field  than 
a  bunch  in  head  of  a  train.  This  non  uniformity  causes 
shift  of  bunch  podtioos  according  to  where  the  bunches 
are  in  a  train.  Without  any  cure,  the  maximum  amount  of 
shift  from  nominal  positions  can  be  more  than  bunch 
length  resulting  in  a  significant  deterioration  of  the  quality 
of  the  multibunch  beam. 

In  order  to  compensate  different  beam  loading  from 
bunch  to  bunch  in  the  main  RF  cavities,  sub-RF  system 
is  proposed  here. 

The  effect  of  the  system  is  demonstrated  by  traddng 
simulations  for  the  ATF(Accelerator  Test  Facility  at 
KEK)  damiting  ring.  Longitudinal  bunch  motions  were 
simulated  tdcing  account  the  generator  induced  voltage, 
Wakefield  of  the  accdlerating  mode  and  wakefield  of  some 
higher  order  modes.  Each  bunch  was  assumed  to  be  a 
point  charge.  Used  parameters  of  the  ring  are  as  follows. 


Beam  energy 

1.54  GeV 

Revolution  frequency 

2.16  MHz 

RFfietyiency 

714  MHz 

Nfrutimum  beam  current 

0.6A 

Radiation  loss 

0.20MeV/tum 

Momentum  compaction  a 

0.003 

Danqting  partition  number 

1.78 

RF  cavity :  Total  voltage 

12  MV 

Shunt  incedance 

14.4  MO 

UhkadedQ 

22000 

Cou|riing 

2.34 

Various  scheme  of  bundi  configurations  (mimber  at 
trains,  number  of  bunches  in  a  train  and  ctoge  ot  a 
bunch)  will  be  tested  in  the  ATF  within  the  noaximum 
total  current  of  0.6A.  In  this  pqier,  two  extreme  cases 
were  examined  as  exanqiles: 

Case  (a).  S  trains/ring, 

20  bunches/train  and  2x10^^  e/buncfa 

Case  (b).  3  trains/ring, 

68  bunches/train  and  1x10^^  e/bunch 

II.  EQUILIBRIUM  POSITION  SHIFT 

Accelerating  field  in  RF  cavities  will  be  controlled 
by  feedback  loop  to  keep  the  field  strength  and  phase 
constant  Because  speed  of  the  feed  back  will  be  much 
slower  than  the  transient  time  of  a  train,  field  induced  by 
non  uniformly  filled  bunches  can  not  be  compensated. 
This  will  cause  time  dependent  modulation  of  the 
amplitude  and  phase  accelerating  field  within  a  train. 

Fig.  1  shows  change  of  amplitude  and  lAase  of  total 
cavity  voltage  vs.  time  which  me  calculated  by  tradcing 
simulatimi  for  the  case  (a).  The  trajectory  of  the  voltage 
on  complex  plane  can  be  seen  in  Hg.  2  where  reference 
phase  is  the  phase  of  nominal  bunch  position.  During 
passage  of  a  bunch  train,  bunches  induce  voltage  of 
opposite  direction  to  themselves.  Between  trains,  the  field 
decays  and  rotates  according  to  the  Q-value  and  frequency 
detuning  of  the  cavities. 


Hg.  1,  Amplitude  and  phase  of  cavity  voltage  with  non 
unifimn  bunch  peculation. 


R*aI(Ve)  (UV) 

Bg.  2,  Trajectory  of  cavity  voltage  on  comidex  plane. 
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Because  all  bunches  have  the  equal  revc^utioo  lirae, 
the  energy  umst  be  equal  and  radiation  loss  of  all  btaicbes 
along  the  ring  should  have  the  same  value.  This  means  ail 
bonnes  should  gain  the  same  voltage  tt  the  RF  cavities. 
To  be  aoceloaied  by  the  same  amount  from  the  field  of 
different  amplitude  and  phase,  bunches  wili  change  their 
thning  of  passage  at  the  cavities  or  the  equilibrium 
position  of  bunches  will  shift  from  their  nominal 
positions.  Fig.  3  shows  time  delay  from  nominal 
positioos  of  1st.  10th  and  20th  bunches  in  a  train  which 
are  cakulaied  by  traddng  simulations  for  the  case  (a).  The 
horizontal  axis  shows  number  of  turns  along  the  ring.  The 
equilibrium  position  of  the  head  bunch  is  delayed  and  tail 
bundi  is  advanced  from  the  nominal  positions.  Initial 
condition  was  that  all  btmclies  have  the  .same  longitudinal 
position  enrar  of  10  psec.  Hg.  4  (a)  and  (b)  show  the 
equihbriian  positions  of  bunches  vs.  bunch  number  in  a 
train  for  the  case  (a)  and  (b),  reflectively.  Bmich  number  1 
means  the  head  bunch  in  a  train  and  the  last  number 
means  the  tail  of  a  train.  The  values  of  the  shift  are 
almost  linear  to  the  bunch  number.  Nonlinearity  of  the 
first  bunch  is  caused  by  the  wakefleld  of  the  higher  order 
mode. 


Fig.  3.  Hme  delay  from  nominal  positions  of  1st,  10th 
and  20tb  bunches  in  a  train  versus  number  of  revolution. 


Biiiieb  number 


Fig.  4,  Equilibrium  positions  of  bunches  vs.  bunch 
number  for  case  (a)  and  case  (b). 

The  maximum  values  of  the  shift  in  both  cases  are 
cranparable  of  the  bunch  length  of  the  order  of  10  psec. 
After  extracted  from  the  ring,  the  position  difference 
means  different  RF  phases  along  the  main  linac  of  the 
linear  ctdlider.  The  resulting  significmit  energy  difference 
may  easily  deteriontte  the  emittanoe  oi  multibunch  beam 
through  bunch  compressor,  main  linac  and  final  focus 
region. 


UI.  COMPENSATION  BY  ACTIVE  SUB-RF  SYSTEM 

To  correct  the  shift  of  the  bunch  positions.  sub-RF 
system  is  proposed.  RF  field  with  frequency  of 
fsub  —  fRF  *  Nt  frev 

can  compensate  the  difference  of  the  field  of  the  mam  RF. 
where  fgp  is  the  frequency  of  the  main  RF,  frev  the 
revolution  frequency  and  Nt  the  number  of  trains. 
Adjusting  the  phase  of  the  sub-RF  field  so  that  the 
voltage  is  zero  at  the  nominal  timing  of  the  passage  of 
the  center  bundi  in  a  train,  bunches  in  head  ctf  a  train  will 
be  decelerated  and  bunches  in  tail  of  a  train  will 
accelerated.  If  length  erf'  a  bunch-train  is  short  enough 
compared  with  the  bunch  spacing,  as  in  the  case  (a),  the 
compensatkm  can  be  almost  linear.  But  if  the  length  is 
not  short,  as  in  the  case  (b).  the  nonlinearity  of  the 
compensation  field  may  be  important 

As  is  shown  in  Hg.  2.  required  strength  of 
compensation  field  is  several  tens  of  kilovolts  and  can  be 
obtained  by  introducing  one  cavity  (sub-RF  cavity). 

The  total  vtdtage  is  vector  sum  of  generator  (external 
power  source)  induced  voltage  and  beam  induced  voltage. 
Here,  shunt  impedance,  unloaded  Q  and  loaded  Q  (tf  the 
sub-^  cavity  are  assumed  to  be  2Mf2, 20000  and  10000, 
respectively.  Amplitude  and  phase  of  the  total  ventage  is 
assumed  to  be  fixed  by  controlling  cavity  tuning  and  RF 
input  In  the  case  of  (a),  in  order  to  obtain  total  voltage 
of  40  kV  and  the  phase  of  90  (tegree  respect  to  the 
nominal  phase  of  the  center  bunches  in  trains,  detuning 
angle  (detuning  from  sub-RF  frequency  fsub)  *86.1^^ 
and  required  power  is  0.8  kW. 

Hg.  5  ^ws  time  delay  from  nominal  positions  of 
1st.  lOtb  and  20th  bunches  in  a  train  with  su^RF,  which 
are  calculated  by  tracking  simulations  for  the  case  (a). 
This  can  be  compared  with  the  result  without 
cranpensation  in  Hg.  3.  Fig.  6(a)  shows  the  equilibrium 
positions  of  bundles  vs.  bunch  number  in  a  train  for  the 
case  (a)  with  sub-RF  whose  voltages  are  set  to  be  30  kV, 
40  kV,  S(hcV  and  60  kV.  Hg.  6(b)  shows  the  equilibrium 
poritions  of  bunches  vs.  bunch  nuniber  in  a  train  for  the 
case  (b)  with  sub-RF  voltages  are  set  to  be  20  kV,  30  kV, 
4(XrV  and  SO  kV.  This  shows  voltage  of  about  30-40 
kV  is  (^timum.  In  the  case  (a),  the  residual  shift  is  mudi 
smaller  than  die  bunch  length  (about  S  mm  in  rjn.s.).  In 
the  case  (b).  the  residual  is  several  percent  of  the  bunch 
length  in  rjn.s. 


Hg.  5,  Tune  delay  from  nominal  positions,  1st,  10th  and 
20th  bunches  in  a  train  for  case  (a)  with  active  sub-RF. 
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Hg.  6(a)  Equilitmum  posidons  of  bunches  vs.  bunch 
number  for  case  (a)  with  active  sub*RF. 


Fig.  6(b)  Equilibrium  positions  of  bunches  vs.  bunch 
number  for  case  (b)  with  active  sub-RF. 


IV.COMPENSATION  BY  PASSIVE  SUB-RF  SYSTEM 

If  detuning  angle  (9)  of  sub-RF  cavity  is  near  -90°. 
the  phase  of  beam  induced  voltage  is  near  by  90°  with 
respKt  to  the  center  beam  and  the  generator  induced 
voltage  is  very  small  (COS9  of  the  total  vcdiage).  V^thout 
generator  power,  the  volta^  in  the  sub-RF  cavity  is  only 
beam  induced  vtdtage.  It  means  that  the  compensatitm 
will  possible  without  input  power.  For  a  passive  RF 
cavity,  only  resonance  frequency  can  be  controlled  in 
operadoas  in  order  to  obtain  ^iprcqxiate  compensatioa. 

With  the  same  parametm  as  in  section  m  but 
without  input  power,  tracking  simulations  were  performed 
with  some  cases  of  detuning  of  the  cavity.  Fig.  7  shows 
time  delay  from  nominal  positions  of  1st.  10th  and  20tb 
bunches  in  a  train  with  passive  sub-RF  for  the  case  (a) 
where  cavity  detuning  angle  is  -86.0**  or  detuning  from 
fsub  is  -SOO  kHz.  Hg.  8(a)  and  (b)  show  the  equilibrium 
positions  of  bunches  vs.  bunch  number  in  a  train  with 
passive  sub-RF  with  several  detuning  fiequencies.  Hiese 
figures  show  that  a  frequency  contrtdled  passive  sub-RF 
cavity  can  be  used  for  die  compensation.  With  qppropriaiB 
detuning,  residual  shift  is  as  snudl  as  that  with  active  sub- 
RF  oonqiensalioo  in  each  case. 


Hg.  7.  Time  delay  from  nominal  positions.  1st.  lOtb  and 
20th  bunches  in  a  train  for  case  (a)  with  passive  sub-RF. 


Hg.  8(a)  Equilibrium  positions  of  bunches  vs.  bunch 
number  for  case  (a)  with  passive  sub-RF. 


Hg.  8(b)  Equilibrium  positions  of  bunches  vs.  bunch 
number  for  case  (b)  with  passive  sub-RF. 

V.  SUMMARY  AND  DISCUSSION 

It  was  found  that  equilibrium  position  shift  in 
damping  rings  for  future  linear  ooUidets  with  buncfa-txahi 
configuration  can  be  compensated  by  active  or  passive 
sub-RF  system. 

As  the  case  (b).  if  length  of  a  train  is  longer  dum 
spacing  between  trains,  residual  shift  may  be  significant 
If  necessary,  adding  higher  Older  sub-RF  with  fiequency  of 
fjgp  -  uNj  fjrev  (n■2.3. .....). 

this  residual  shift  will  be  compensiucd, 
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Analytic  Criteria  for  Stability  of  Beam  Loaded  R.F.  Systems 

Shaue  R.  Koscielniak,  TRIUMF  Vancouver  B.C.  Canada 


Abstract 

This  paper  presents  the  instability  analysis  of  a  beam- 
loaded  radio-frequency  system  with  beam  phase-loop 
and  cavity  tuning-loop  for  both  accelerating  and  non¬ 
accelerating  beams.  The  case  of  voltage-proportional  feed- 
badc  around  the  cavity  is  also  included.  The  symbolic  ma¬ 
nipulation  program  SMP  [1]  was  used  to  expand  and  sim¬ 
plify  the  Routh  determinantal  conditions  for  a  fifth  order 
characteristic  polynomial.  The  paper  is  a  much  abridged 
version  of  an  internal  design  note  [2]. 

I.  Beam  Loading  Equations 


The  disposition  of  steady  state  phasors  is  as  shown  above. 
We  adopt  the  notation  of  Reference  [2].  The  cavity  volt¬ 
age  is  V(f)e^*^‘  and  the  total  current  driving  the  cavity  is 
where  t  indicates  time  and  w  is  the  drive  an¬ 
gular  frequency.  Bold  face  indicates  complex  quantities, 
and  ordinary  type  denotes  scalars.  We  employ  dot  no¬ 
tation  for  time  derivatives.  The  cavity  fundamental  res¬ 
onance  is  modelled  as  a  parallel  resonance  LCR  circuit. 
Let  (2r««  =  i/y/LC  be  the  resonance  frequency  and  q  = 
nre«/(2Q)  =  1/(2 AC)  be  the  half-bandwidth.  We  write 
the  voltage  and  current  as  the  sum  of  steady  state  parts 
V®  =  and  ,  and  small  time  dependent 

perturbations.  We  use  i(>  to  denote  steady  state  phases  and 
^  perturbation  phases.  Let  ♦  =  Vv  -  • 

A.  Steady  state 

We  must  specify  the  steady  state  generator  current  I®  = 
and  beam  image  current  =  fje’’*’*  which  sum 
to  form  the  total  current  I^.  The  beam  current  is  fa  90* 
out  of  phase  with  the  cavity  voltage;  depending  on  the 
synchronous  phase  angle  /i^.  We  set  /!«  =  0  for  a  non¬ 
accelerating  beam.  Hence  i>i,  =  ±(w/2  -f  Hh)  and  the  — 
sign  applies  below  transition  energy  and  the  -f-  above.  We 
adopt  the  dimensionless  current  ratios  Yg  =  fly  and 
Yi  =  Il/Iy,  where  ly  —  V®/A  .  The  components  obey: 

1  =  YgCOBil>g —  Yiainfib 

tan*!  =  Yf, coa fib  — Yg miff g  . 

From  this  follows  the  detuning  tan  '9  =  —  u^)/2au  . 

Until  we  choose  a  definite  value  for  i>g,  there  is  no  direct 
relation  between  tan'!'  and  (VV  ,iib)- 


B.  Non  steady  state 

Let  us  assume  the  “slow  approximation”  V  C  u;V  and 
It  wIt-  We  allow  for  a  varying  resonance  frequency 
0(()  =  no(t)  H- An(().  We  introduce  the  perturbation  vec¬ 
tors  e  as  follows:  V  =  V®(1 -fev)  and  It(1 -fer)  = 

=  1^(1  -1-  e^)  -f- 1^(1  -i-  06)  .  The  dimensionless  components 
Zr  and  of  the  vector  Or  =  (zr  +  }9t)  are  amplitude 
and  phase  modulations,  respectively.  The  cavity  response 
is  modelled  by: 

2^(1 +  STc)  +  ^vtan4'  +  yy(^jsin  Vi,  -  z^cosV.'y) -f 
-f  Ybizbsinfib  -  <l>bCoaftb)  =  0  , 

(^y{l+STc)  -  zvtan4’  -  y'j(^yCOS0y -f  Zysin  V’y) + 

-f  y6(Z6  cos  /i6  +  ^6  sin  fib)  =  Tf  Ail  . 
Here  r^.  =  a~’  is  the  cavity  time  constant,  and  time  deriva¬ 
tives  are  replaced  by  the  Laplace  operator  a  . 

C.  Beam  rigid  bunch  dipole  motion 

Suppose  the  ideal  drive  frequency  is  synchronous  with 
a  particle  travelling  with  the  equilibrium.  However,  as  a 
result  of  modulations  the  cavity  phase  may  advance  or  lag 
by  an  amount  .  Likewise,  the  beam  centroid  may  differ 
from  the  ideal  phase  by  an  amount  ^6-  Suppose  the  cavity 
has  relative  amplitude  modulation  zv  • 

To  first  order  in  perturbation  amplitudes,  the  Laplace 
transform,  of  the  beam  energy  deviation  SE  ia: 

sSE  Ki[zy  sin/i6  -f-  {^v  -  ^b)'xiafib]  . 

Because  of  the  energy  deviation,  the  phase  error  ^b  will  ad- 
vance  at  the  rate:  s  ^6  =  E^SE .  The  product  -^Ki  x  = 
the  synchrotron  frequency  sans  the  usual  cos  fib  term. 

D.  Stability  conditions 

The  system  response  contains  only  self-damped  oscilla¬ 
tions,  when  all  zeros  of  the  characteristic  polynomial  lie 
in  the  left  half  of  the  complex  plane.  Necessary  conditions 
are  for  the  coefficients  of  s”  and  the  Routh-Hurwitz  cri¬ 
teria  [RH(t)  for  i  =  1,2,..  .n-|-l]  for  combinations  of  the 
coefficients  to  be  greater  than  zero.  We  shall  omit  trivial 
conditions  such  as  re  >  0. 

II.  Cavity  and  beam  dipole  mode 

This  is  the  case  originally  treated  by  Robinson  [3].  The 
model  assumes  that  the  generator  current  is  maintained 
by  an  ideal  feed-forward. 

Characteristic  polynomial 

n^[co8;t68«c^  9  —  Yb  tan  •]  •+  21lJ  co8(fib)Tc  s  -f 

+  [sec*  9  -I-  (n,rc)*  cos/i6]s*  -t-  2re  +  r*  s*  . 
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RH<4):  tao«  >  0,  hence  «  >  0.  If  RH(4)  <  0,  then  the 
cnvity  is  detuned  in  the  wrong  aenae. 

RH(5):co6/4»aec’f -KatanV  >  0  unpUea the  Robinaon 
limit:  Y6  <  2coa^/8in24’  .  If  RH(S)  <  0,  the  bunch  aim- 
ply  wnndera.  Subetituting  the  matdi^  generator  condition 
=  0)  gives  the  apecial  case  H  <  l/ain/i*. 

III.  Cavity,  beam  dipole  mode,  phase-loop 


The  model  of  aection  II  is  supplemented  with  a  beam 
phase-loop  intended  to  damp  bunch  dipole  oscillations. 
We  assume  that  the  feedback  has  the  response  of  a  pure 
integrator,  and  modifies  the  generator  phase  <^g,  that  is 
=  (Kp/s)  X  (^a  — ^v).  if  there  is  an  r.f.  feedback  around 
the  cavity,  this  loop  modifies  the  demand  phase 
Characteristi  polynomial 

0’[co8/I6  sec*^  +  KpTe  sin  fttYg  sin  H  tan  ♦]-!- 

aec^^+K,  V6(sin  pa-cos  pa  tan  •)-i-2Qj  cos(pa)Tc]s-f 


-l-[sec*'i'-i-ifpre(  H-Va  sin  pa)-i-(n(  Te)*co8  pa]s^-f  2TeS*-i-Te  s'* 
A  necessary  condition  for  stability  is  that  the  coeflScient  of 
s'  be  >  0.  Unless  tan  4*  <  tanpa  and  Kp  >  0,  we  find  a 
condition  for  Va  which  resembles  the  Robinson  limit; 


n< 


8in2« 


2n;rc 

Kp tan  4 


if  pa  =  0 . 


In  most  cases  this  limit  is  subordinate  to  RH(5)  below. 
Routh  determinants 

RH(3):  2 -I-  KpT4co824  +  Ya cost  sin(4  +  /^)]  >  0. 

This  condition  allows  a  domain  of  stability  with  4+pa  <  0. 
The  damping  provided  by  the  phase-loop  can  overcome 
(partially)  the  instability  caused  by  incorrect  detuning. 

RH(5):  cos  Pa  sec’  4  +  KpTc  sin  paYy  sin  V’j  —  Ya  tan  4  >  0. 
Unless  i>gXfif,>0  there  is  no  change  to  the  Robinson  limit. 


RH(4):  0  <  2A'psec’4[sec’4-i-Ya(sinpa—cospatan4)-{- 
-|-(n«re)’co6pa(coe24  +  tan  pa  sin  24)]+ 
+2/f^(n,Tc)’co8  paYa(cos  pa  tan4— sin  pa)+4njTe  Ya  tan4+ 


+rc  A’[(1  +  Ya  sin  pa)*  -  (Y,  sin  V®  tan  4)*] . 

A  suflicient  condition  for  RH{4)  >  0  is  tan 4  =  tanpa. 
Alternatively,  we  may  substitute  il>g  =  0  and  so  find 
RH{4)  >  0  at  all  points  on  ue  matched  generator  curve. 
PinaJly,  we  note  that  pa  =  0,  tan  4  <  l/tanil>g  and 
RH(5)  >  0  ue  sufficient  conditions  for  RH(4)  >  0. 


IV.  Cavity,  beam  dipole  mode,  and  tuning  loop 

A  feedforward  (or  program)  accomplisUes  the  bulk  of  the 
cavity  tuning.  The  tuning  loop  endeavours  to  bring  the 
generator  current  and  gap  voltage  vectors  in-phase  by 
modifying  the  cavity  resonance  frequency.  The  feedback, 
for  small  oscillations  about  the  program  set-point,  is  mod¬ 
elled  by  a  pure  integrator:  Te  Ailre*  =  {Kt/»)  x  (^,  -  ^v)- 
Since  there  are  no  other  loops  present,  =  0  for  all  time. 
The  loop  will  tend  to  reduce  the  phase  error  to  zero  (i.e. 
=  ^v)  provided  Kt  is  positive. 


C’haracteristic  polynomial 
Q*coepaAt(l  -  Yasinpa)  +  2T(,s*  +  r*  «*+ 

+0j[cospa(sec*4  +  TcKt)  —  Yatan  4]«+ 

+(At +2flJ  coe(pa)Te]s* + [eec*4 + Tc  At  +  (0,  t<,)’  cospajs*. 
A  necessary  condition  for  stability  is  that  the  coefficients 
of  s'  be  greater  than  zero,  and  this  implies 

Ya  <  cospa  +  —^1  if  4  >  0 . 

^  [sm24  tan4j 

However,  this  condition  is  subordinate  to  RH(5). 

Routh  determinants 
RH(3):  2sec’  4  +  AtT,r  >  0  . 

RH(4): 

At(2sec’4  +  KtTe)  +  Ya fljTe  [4 tan  4  -  KtTe sin 2p6]  >  0  . 
This  condition  is  usually  unimportant  for  positive  detuning 
(4  >0),  and  is  subordinate  to  RH(5)  for  negative  detuning. 
RH(5):  This  expression  can  be  solved  for  the  beam  current 
Ya,  and  is  found  to  factor: 

Ya  <  [0.5Atsin2pa(sec’4  +  n,At)  —  Kt  tan  4+ 

+flj  co6(pa)rc  (2  tan  4  —  0.5  sin  2pa)]  x 
(28ec*4  +  KtTe)/il^Te(2  tan  4  -  0.5T<,At  sin 2pa)’  . 
Since  the  beam  current  (Ya)  is  positive,  this  leads  to  a 
quadratic  constraint  on  the  tuning  loop  gain. 

We  now  simplify  the  expressions  to  a  non-accelerating 
beam,  to  make  a  correspondence  with  Reference  [4].  In  the 
limit  pa->0  the  stability  criterion  can  be  written: 

V  r\y  If  ^  ,  ^'*‘0 

*  20JreJ[sin24  tan4j 

The  tuner  gun  condition,  for  +ve  and  -ve  tuning  angles, 
can  be  summarized  (At  —  2njrc)  x  4  <  0.  The  instability 
regime  where  Ya  •C  1,  4  >  0  and  At  >  2ftjTc  has  been 
experimentally  observed  in  the  PSB  [4]. 

V.  Tuning  loop  and  beam  phase-loop 


We  supplement  the  previous  model  with  the  ideal  phase- 
loop;  8<pg  =  Ap(^a-^v)-  Because  STgASlret  =  At(^j-^V') 
there  is  the  possibility  for  cross-coupling  to  the  tuning  loop 
through  the  cavity- voltage  phase-perturbation  (f>g. 
Characteristic  polynomial 

nj  cos  Pa  Af  ( 1  -  Ya  sin  pa)  +  2rc  s*  +  r*s®+ 
+{nJ[cospa(sec’4  +  TcKt)  -  Ya  tan4]+ 

Ap[Af+nJre  sinpa(Ya  cospa— tan4)]}s+{Af+2flJ  cospaTc+ 
+Ap[sec*4  +  TcKt  +  Ya(sinpa  -  cospa  tan4)]}s’  + 
+[sec’4  +  TcKt  +  (n,rc)*  cos  pa  +  t,  Ap(l  +  Ya  sin  pa)]s*  • 

The  coefficients  of  s'  and  s’  have  the  possibility  to  change 
sign  when  4  >  0.  For  brevity  we  give  the  limit  pa  =  0. 


2  At(re  +  Ap/n’) 

^  sin  24  tan  4 


when  Pa  =  0  ,  4  >  0  . 


The  coefficient  of  s’  is  automatically  positive  if  tan  4  < 
tanpa;  alternatively. 
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y  .  2  .  2»;re  +  /Ct(l  +  r,/C,) 

*  8in2* 


if  /«6  =  0 ,  *  >  0 . 


Rswth 

RH(3)  factors  and  simplifies  to:  2 +  TeKf  cob 2^9 

+Hr<./fp  cos •  sin(#  +  pb)  +  Te  Kt{l  —  KpTe)  cos*  •  >  0 . 

This  condition  is  reminiscent  of  RH(3)  in  section  III  and 
has  the  effect  of  allowing  some  negative  detuning.  We 
should  also  like  IIH(3)  to  be  satisfied  in  the  limit  Yb  -4  0; 
and  for  KpTe  1  this  implies  the  approximate  condition: 
KtTe  <2  —  sec*^  <  1  . 

RH(4):  The  Routh  determinant  has  many  terms,  but  sim¬ 
plifies  under  the  substitution  tan  4  =>  Vbcos/ib,  as  occurs 
when  the  generator  is  matched  (V'p  =  0);  one  finds  a  cu¬ 
bic  condition  in  Kb.  A  sufficient  stability  condition  is  that 
the  coefficients  of  Y°,  Y^,  Y^,  V*  be  greater  than  aero. 
Only  the  coefficients  of  y^,"  and  y^,'  have  the  possibility  to 
change  sign;  and  so,  by  inspection,  sufficient  conditions  for 
RH(4)>  0  are  Te/f,  <  1  and  /fp  >  K,. 

RH(5):  The  Routh  determinant  has  many  decades  of  mono¬ 
mial  terms.  Under  the  condition  V’g  =  0,  there  results  a 
quintic  polynomial  in  Yb.  The  condition  /tb  =  0  reduces 
the  system  to  a  quadratic  in  Y^  ;  the  coefficient  of  y^,^ 
is  unavoidably  negative,  and  so  limits  the  maximum  beam 
current.  The  allowed  domain  of  yb  will  be  maximised  when 
the  coefficients  of  Y^  and  Y^  are  positive.  By  inspection, 
KtTe  <  1  and  Kp  >  Kt  \a  9,  sufficient  condition  for  both 
coefficients  to  be  positive. 

RH(6);  1  -  Y* sin /ib  >  0  imposes  a  further  constraint  on 
the  beam  current,  which  is  the  same  as  the  no-loop  case 
for  a  matched  generator. 


A.  R.F.  feedback  around  the  cavity 

Including  a  voltage  proportional  feedback  around  the 
cavity  modifies  the  equations.  This  type  of  feedback,  as 
discussed  in  Reference  [5],  requires  a  high  power  sum¬ 
ming  junction  since  it  is  the  entire  r.f.  signal  which  is 
fed  back.  The  current  Ig  becomes  the  sum  of  the  de¬ 
mand  current  and  the  feedback  current  1/  =  —hlv- 
It  is  found  that  the  characteristic  polynomials  are  identi¬ 
cal  with  those  of  sections  II,  III,  IV,  V  except  with  the 
substitutions:  Te  ^  Te/{1  -t-  ft)  ,  tan*  ^  tan*/(l  -Y  ft)  , 
Yb  =>  Yb/(1  +  ft)  made  throughout.  This  being  so,  we  can 
take  over  all  previous  results  regarding  the  polynomial  co¬ 
efficients  and  Routb-Hurwitz  determinants.  Generally,  the 
stability  limit  is  enhanced  by  a  factor  (1  +  ft). 


VI.  Cavity,  beam  dipole  and  quadrupole  modes 


Robinson  type  stability  for  dipole-quadrupole  mode  cou¬ 
pling  has  been  investigated  in  Reference  [6],  for  the  case 
Pb  =  0.  We  generalize  to  the  case  of  an  accelerating  beam. 

A.  Rigid  bunch  quadrupole  motion 

Let  bunch  half-length  be  6  =  So+9,  the  sum  of  a  steady 
state  part  6o  and  a  small  perturbation  0(t).  The  Laplace 
transform  of  the  envelope  oscillation  can  be  derived  from; 


stf  =  nJrfW  and  sSW  = —4coefnx9  ~  zyOocospb  . 
where  the  variable  SiV  is  coqjugate  to  $.  To  complete  our 
description  of  the  beam  coupling  to  the  c.avity,  we  give 
the  relation  between  0  and  amplitude  modulation  of  the 
beam  cmrent  Zb-  To  first  order  Zb  +  fo  x  ^  =  0  .  The  form 
factor  Fo  depends  on  the  bunch  shape,  A.  Let  Jn  be  Bessel 
functions.  For  the  functions  A  =  (6*  —  z*)‘*  with  a  >  0, 
Fo(0o)  =  (2a -f  l)/6o  -  ^a-i/2(0o)/*/<.+i/2(0o)  • 

For  example,  if  a  =  1  then  Fo  as  6o/5  when  6o  <  1  . 
Characteristic  polynomial 

The  polynomial  is  too  lengthy  to  reproduce  here.  We  con¬ 
sider  pb  >  0,  in  which  case  only  the  coefficient  of  s*  has 
the  possibility  to  change  sign  when  *  >  0;  this  implies 
a  beam  current  limit,  but  the  condition  is  subordinate  to 
those  below. 

Routh  determinants 

RH(3):  28ec**  —  ybFo6o(Ojre)*cospbsinpb  >  0  . 

This  constraint  is  quite  severe  for  small  tuning  angles  and 
long  bunches,  but  is  subordinate  to  RH(6). 

If  RH(3)>  0  then  a  sufficient  condition  for  RH(4)>  0  is: 
tan*  >  8in2pbFo0o(l+2njT*co8pb)/2(l+Fo0ocoe*pb) . 

RH(5)  simplifies  very  slightly  to  a  condition  with  24  mono¬ 
mial  terms,  and  there  is  no  simple  interpretation.  In  the 
limit  of  large  tuning  angle,  short  bunch  length,  and  (l,Te 
order  of  or  less  than  unity,  we  find  the  approximation: 
2tan*[2cospb  -  Yb8in2*]  -I-  Fo0ocospb[16cos*pbtan*-f 
-Y4sin2pb8ec**-Y2yb(2cospb— sinpbtan*— 48in**)]  >  0. 
The  leading  term  in  tan  *  contains  the  Robinson  limit. 
RH(6)  factors;  if  RH(3)  >  0  and  RH(4)  >  0  this  leaves 
the  new  condition  Yb  <  3tan*/[Fo0ocospb]  which  poses 
a  severe  constraint  at  small  tuning  angles  unless  pb  is  large 
or  the  bunches  are  short. 

RH(7):  4(co8pbsec**  —  Vbtan*)  +  YbFo0oco8pb(8inpb  - 
cos  Pb  tan*  +  Yb)  >  0.  The  term  in  Y^  in  this  quadratic 
will  favourably  modify  the  stability  compared  with  the 
Robinson  limit.  However,  for  small  tuning  euigles  condition 
RH(6)  supersedes  RH(7). 
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I.  INTRODUCTION  wkera 


Tbe  SapeicoadoctiBg  Sapor  Coffidor  Accekratjat  Com- 
plox  cooaista  id  a  caocada  of  accderatn  aad  oaeh  oae 
of  them  aecderatof  the  bew  to  tome  energy  and  then 
traatfert  it  to  the  next  atage.  The  detign  faumnoahy  of 
it  obtained  by  the  hi|^  efficiency  a( aU  ttagm 
aad  the  alality  to  accderate  beam  with  aa  minimnm  emit- 
taaee  growth  aa  poeaibk.  For  thit  porpoae  the  Linac  pnbe 
length  it  apedfied  aa  9  in  order  to  aiinimiM  the  nambu 
of  target  croadaga  aad  to  to  miaimue  the  emittaace  growth 
duiBg  charge  exchange  iajectutt  bito  the  LSB  booater. 
However,  the  traatient  cwued  by  twitching  on  the  beam 
makea  np  a  aignifieaat  part  of  the  polae  length  aad  can 
iaflneace  the  chuacterictica  <rf  beam.  la  tUa  p^Mr  we 
preaeat  the  reanha  of  the  traaaieat  ttody  of  the  coaled 
cavity  liaac  aad  diacnaa  the  model  that  predicta  the  para¬ 
metric  reaoaaace  between  the  beam  aad  the  fidd  diatutioa 
aettop  duiag  traaaieat. 

n,  RF  TRANSIENT  IN  CAVITY 

CCL  atmctore  conaiata  of  9  modolea  and  each  oae  of  them 
haa  8  tanka  [l].  Each  CCL  tank  it  formed  by  braaing  to¬ 
gether  16  idratical  accderatmg  edit  aad  17  identical  con- 
pling  cdb  with  7%  coupling  coeffideat.  The  tanka  are 
coaaected  with  bridge  coafdeea  that  have  16%  coapliag 
coeffieieid.  The  power  fitom  the  generator  ia  iapat  into  the 
central  bridge. 

'Rie  exdtation  of  the  module  can  be  described  by  a  ayatem 
of  normal  modea  for  the  periodical  chain  of  coupled  cdls 
(acceletatiag  and  coa]diag).  Every  cdl  is  considered  ia  a 
single  mode  ^proximation  .  We  shall  solve  the  problem 
of  beam  loading  and  cwipensation  of  beam’s  electromag¬ 
netic  field  pertubation  by  the  generator.  It  is  assumed 
that  at  the  moment  t  =  0  the  beam  enters  the  resonator(in 
ou  case  module),  ffimnltaaeously,  the  generator  gives  the 
additional  power  required  to  compensate  for  beam  load¬ 
ing.  In  common  form,  the  total  electromagnetic  field  ia 
described  by  the  equation: 

®(,, 

*>(■.».»)(/  j'*:*-  f  (1) 

/V  Jv 

*Opent«d  by  Uw  UnivefaHiM  Rwwch  Aaaocirtion,  foe.,  for 
tbo  UA.  Dopertmont  of  Eneriy  vadw  Centroct  No.  DB-AC3S- 
aaBRaosas. 


0,(1)  = 


1-e 


1  +  ****Jj“  Q$ 

uf  —u^  =  KfCot(ht) 
N,  =  t  j^E,Bldv 


(2) 

(3) 

(4) 


where  }>  and  j‘  are  the  generator  and  beam  currents,  Kf 
is  the  conning  coeffideat.  iV,  is  a  norm,  Q,  is  a  quality 
factor,  h,  is  a  wave  number  and  w,  ia  a  frequency  of  a-th 
mode.  The  first  integral  describes  the  additional  power 
of  the  generator  and  the  second  oae  ia  the  exdtatioa  by 
beam.  The  coefficients  outside  the  integrals  ate  the  same, 
so  the  beam  loading  compensation  in  the  trivial  ease  is 
when  the  integrals  caned.  However,  in  practice  it  is  pos- 
aiUe  to  compensate  only  for  one  mode  amce  the  character 
of  the  interaction  of  the  beam  aad  of  the  generator  with 
the  resonator  ia  quit  difference.  ActnaOy  the  beam  aad  the 
generator  cunents  can  be  written  as 

/(*,  1)  =s  (5) 

J»(*,f)  =  ii«(* -*&)«-“*.  (6) 


where  ha  =:  w/va,  va  i*  beam  velodty,  zo  is  point  of  power 
input  into  the  resonator,  ji  means  first  harmonic  aad  the 
frequency  of  the  beam  aad  the  generator  equal  each  to 
othu.  Here  the  magnitude  of  the  curreats  is  taken  as  aa 
average  over  the  cross  section  of  the  beam  aad  the  loop 
(or  hole)  since  we  study  the  exdtation  of  axial  symmetrical 
modes  only.  It  is  obviously  that  the  integralof  the  beam  in¬ 
teraction  for  a  constant  first  harmonic  along  the  resonator 
doesn’t  equal  to  sero  except  for  fondamental mode  (s  =  «/) 
under  the  conditiem  when  h,  =  h,.  At  the  same  time  the 
integral  for  generator  doesn’t  equal  sero  for  any  mode  if  the 
coupling  coefficient  has  a  ’’nonsero”  magnitude. 

In  other  words,  in  order  to  compensate  the  beam  pertur¬ 
bation  of  the  fundamental  mode,  we  have  to  input  power 
which  equds  the  beam  power  but  simaltaneoasly  this  local 
input  of  power  exdtes  aU  modes.  Let’s  rewrite  the  expres- 
non  (3)  for  the  field  induced  by  beam  ,  taking  into  account 
that  only  the  fundamental  mode  will  be  exdted: 


Em  =  Re  [(1  -  e-5«?‘)e‘'‘»^Eo(*,y,*)e"*<‘'‘+^'^AP]  , 

(7) 


where  RRsyjC^. 

Here  we  have  taken  ,Qo  i»  the  loaded  qual¬ 

ity  factor  of  the  resonator  for  the  fundamental  mode. 
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Amm  ^  ^cot4»  I,  j{El4»  t  ii  Uw  lyBelttOBoiu 

phiae  of  boon.  New  uco  w«  on  iatmsted  is  tb«  dbct 
tbo  utotoetiiM  of  tlM  boom  with  tbe  pettozbed  field  by 
iti^  Irt’s  nfOMMst  tbe  fidd  of  tbe  goiezotot  ia  tbe  view 
of  tbe  tzovdEag  bomuiaics  Bi  =  0.5^  with  tbe  pbeae 
vdocHy  eqid  t^  beam  velocity: 

■  Jf 

N(«,y,»,<)*Ne  RP  (8) 

.  < 

wbeie 


if  3  3:  4/ 
otberwise 


(9) 


Fioai  this  ezpteacioii  one  can  tee  that  tbe  q>ace-tii&e  die- 
tmtien  (frott)  d  tbe  dectsmnacaetic  field  with  the  caiziet 
tea(»ant  frequency  moves  along  tbe  lesonatoz  with  a  ve¬ 
locity  eqnd  to  average  vek>city  for  aO  modes: 

Vtrom*  =  (w*  -  «)/(*,  -  hi)  (10) 


Since 


Urn  («,  -  <^)/(b«  -  b»)  =  VfTMp,  (11) 

•N* 

then  it  means  that  tbe  front  of  perturbation  which  tbe 
beam  *eee^  moves  with  the  group  vdocity.  It  is  obviondy 
that  each  mode  baa  its  own  gtonp  velocity  and  moreover, 
it  damps  slightly  differently.  Due  to  this  the  front  will 
dunge  shape  as  it  moves  along  the  resonator.  for 

a  s  3/  is  tbe  average  of  tbe  electromagnetic  field  over  the 


am  aaoo  moo  saoo 


Figure  1.  Fidd  perturbation  along  module 

length  oftbe  resonator  at  any  moment  in  time.  It  is  exactly 
equd  to  tbe  fidd  induced  by  beam,  vdien  iWm  =  Pftntr- 
So  if  this  term  subtracted  from  eqnation(9)  then  we  shall 
get  fidd  which  the  beam  sees.  Knowing  the  dispersion 
fimctmn  d  the  structure,  it  is  possible  to  cdcnlate  what 
the  cbstzibntioa  d  dectrmnagnetic  field  will  be  during  the 
trandent.  Figure  1  shows  tbe  field  d  generator  at  tbe  mo¬ 
ments  <s0.4/is  and  0.9/is  and  totd  field  at  the  moment 


ts:0.4  ps.  This  picture  explains  what  wifl  ham**^  u  the 
cavity  daring  iiyection  of  beam  and  simnltaneons  input  d 
power.  Tbe  oiigia  d  coordinates  correspmds  to  tbe  point 
d  tbe  power  input.  In  the  case  of  tbe  SSC,  tUs  is  the  mid¬ 
dle  d  the  resonator.  Physically,  it  means  that  the  beam 
moves  with  the  phase  vel^ty  and  fills  tbe  resonator  l/Kf 
as  Cut  as  tbe  wave  front  from  generator.  So  after  first  teas 
d  ne  tbe  beam  interacts  with  the  whole  resonator  and  the 
average  level  of  field  will  decrease  in  accordance  with  the 
exponential  law  (1  —  The  goerator  creates 

a  wave  which  radiates  in  both  dictions  from  the  middle 
and  divides  the  resonator  into  three  parts  with  altecaap 
tive  drops  of  field.  The  ovetfrU  change  in  time  goes  as 
—  Tbe  main  contribution  to  tbe  <tistottion  of 

tbe  fidd  in  resonator  is  done  by  harmonics  which  ace  le- 
fiected  with  coefficients  /p/=l .  The  incident  and  cefiected 
waves  give  standing  wave: 

gih.M  ^  g-k.,  _  2eosih,z),  (12) 

which  means  that  the  distribution  is  described  by  eoz^n, 
where  N  is  the  total  number  of  cdls  in  module  and  n  is 
number  of  cdL  One  can  say  that  the  integral  over  mod¬ 
ule  of  the  total  distortion  (except  the  fundamental  mode) 
equals  sero.  However,  the  front  of  the  wave  can  have  sig¬ 
nificant  inqtaet.  For  the  simplest  case,  e^en  we  use  linear 
dispersum,  u,  —u  =  f  it  is  possible  to  get  an  analyt¬ 
ical  expression  for  the  height  of  the  wave  [2]: 

SEi  =  (13) 

Vfra«s  2Qo 

QZ  using  iVum  -  iliEiCos^t,  one  gets  the  expression  by 
taking  Rth*nt  —  EiLcmri*f/^S« 

SEx  =  IiR,k,nt^z-*f^\  (14) 

ft 

where  =  Lcmhgr  ond  rt  =  2Qo/<^-  The  value  Kr=^ 
defines  the  ratio  between  the  front  of  tbe  wave  at  the  ini¬ 
tial  time  and  the  final  magnitude  of  the  electromagnetic 
field  obtained  when  we  excite  the  resonator  by  a  generator 
with  the  vectm  IiR$h*nt-  ^or  SSC  case  JTr^O.SS.  This 
means  inputting  a  generator  power  into  resonator  with  a 
shunt  impedance  =  SOfif  (1  to  compensate  the  beam 

loading  with  first  a  harmonic  Ii  =  2/o=2*0.02  xnA,  then  a 
wave  is  excited  with  a  front  amplitude  equals  to  0.7  Mv/m. 
This  is  10%  of  the  accelerating  harmonic. 


ni.  BEAM  DYNAMICS 


Thus,  during  the  transient  the  beam  sees  almost  rectan¬ 
gular  wave  which  radiates  from  the  point  of  power  input 
and  danqw  simultaneously.  In  this  section  we  shall  do  the 
analyse  of  the  beam  dynamics  in  this  perturbed  field. 

The  CCL  structure  has  some  features  and  one  of  them  is 
a  c(»stant  cell  sise  in  each  tank  which  implies  a  constant 
phase  velocity  along  the  tank.  So  the  equations  for  longi¬ 
tudinal  motion  are: 


di^ 
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3?  *  *  *  IT’ 

wfctf  ^  i»  fitkl  wUck  Ike  puticle  ceci,  p  is  Ike  momcn* 
IWB  ti  Ike  pwtick,  /SI  end  d  we  tke  reUtive  velocity  and 
pkese  of  particle,  ^is  tke  pkase  velocity  of  tke  wave  aad  d 
is  tke  aenaafised  Irasitadiaal  coordinate  wkick  connects 
tke  loagitnduial  coordinate  e  as  ^z/Um  •  i««a  u  lengtk  of 
cdB. 

Tkis  ^tem  of  eqaations  can  be  represented  by  the  second 
order,  nonfinear,  inkonu^neons,  differentia  equation: 

n|sind.^ile22B.(s,t)  +  ^2^cosHl^d  (16) 

where  Og  =  ^  synckronoas  frequency  for 

particles  near^e  ongra  of  the  sepacatiix,  T  is  the  period¬ 
icity  of  tke  tanks,  SSifEi  is  tke  pertorbation  am^tnde 
of  tke  electromagnetic  field  daring  tke  transient,  60^10^ 
is  the  jnmp  of  stepwise  function  of  tke  phase  velocity  from 
tank  to  tuik.  One  can  see  that  even  in  an  ideal  structure 
we  have  tke  inhomogeneous  elation  what  means  that  in 
the  structure  with  constant  cell  sise,  the  quasi-synchtonoas 
particle  oscillates  along  the  structure.  Daring  the  tran¬ 
sient  tke  synchronous  frequency  becomes  a  function  of  the 
longitudinal  coordinate  d*  Ueing  (10)  we  can  write  the 
expression  for  tke  variable  synchronous  frequency  Q: 

JV 

n»  =  n2(l  +  ileX;2B.(s,t)]  (17) 


Each  harmonic  has  a  distribution  along  the  resonator  of 
cos(^  —  |)n.  Taking  into  account  that  we  have  pacsr 
metric  and  external  resonances  simultaneously  the  motion 
becomes  unstaUe  in  the  case  when 


V  = 


(18) 


where  v  is  the  frequency  of  the  perturbation  and  m  is  the 
order  of  resonance.  However,  one  should  remember  that  D 
here  is  the  average  synchronous  frequency  which  depends 
on  an^litude  of  oscillation  (nonlinear  resonance).  In  other 
words,  we  have  many  resonant  conditions.  The  effective 
side  band  of  resonance  is  defined  by  the  perturbation  am¬ 
plitude  aad  the  degree  of  nonfinearity.  Figure  2  shows 
tke  behavior  of  the  qnaai-synchronous  frequency  along  the 
CCL  accderator.  The  vertical  lines  show  the  possible  reso¬ 
nance  frequency.  Oscillation  of  the  frequency  is  due  to  the 
constant  phase  velocity  of  the  tank.  If  particles  go  through 
a  resonance  losses  will  be  observed.  Figure  3a  shows  the 
separatrix  if  we  go  through  resonance.  It  is  clear  that  this 
situation  it  nnacceptable  fin  the  accderator.  To  avoid  this 
effect  we  need  to  increase  periodidty  of  the  electromag¬ 
netic  fidd  perturbation.  One  solution  is  to  input  power 
frt  two  qrmmetiical  points  at  1/4  and  3/4  of  the  module 


Figure  2.  Synchronous  frequency  versus  on  cdl  number 


a 


b 


Figure  3.  Corrected  (a)  and  nncorrected  (b)  separatrix 


length.  Then  the  amplitude  of  the  wave  will  decrease  two 
times  aad  the  frequency  of  perturbation  wiU  increase  two 
times  giving  the  possibility  of  avmding  the  resonant  con¬ 
dition.  On  the  same  picture  the  case  when  we  input  the 
power  in  two  points  is  shown  (fig.3b).  The  separatrix  has 
a  quit  perfect  shape. 

IV.  CONCLUSION 

In  condusion  we  would  like  to  make  a  generd  cennment 
concerning  accderator  design.  Increasing  the  rate  of  aced- 
eration  increases  the  probability  of  resonance  crossing.  For 
the  SSCL  linac  we  pass  through  resonance  in  the  second 
module.  The  maximum  acceptable  perturbation  of  electro¬ 
magnetic  field  for  our  case  is  2-3%.  To  reduce  the  strength 
of  a  perturbing  resonance,  we  have  considered  the  method 
of  resonance  damping  by  "two  points”  power  input. 

In  condusion  the  authors  would  like  to  thank  to  Dr. 
W.Fuiik  for  his  helpful  discussion  and  support  of  this  work. 
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AbMvet 

The  low  density  of  the  ion  cote  is  required  fas  dBdeBX 
perfimnuice  of  electron  aotage  rings.  Ow  of  the  cfEtctive 
maflintty  of  decreasing  the  dens^  ol  ions  in  the  electron 
beams  drculating  in  storage  rings  is  the  tyiplkation  c£ 
eiectiostnk  clearing  etecdodes.  This  rqMtt  |»eaents  the 
results  at  analytic  investigittioos  the  ion  core  density 
distributUm  verstu  the  magnetic  field,  the  beam  current,  the 
density  at  the  residual  gas  in  the  vacuum  chamber  and  the 
distance  between  the  seqriential  clearing  sets.  The  numerical 
simulation  of  sdf-consistent  evohitioo  of  the  ion  cote  has  also 
been  carried  out  The  results  of  simulation  are  in  agreement 
with  the  theoretical  predictions. 

I.  INTRODUCTION 


<!>=-(x-Xo)Eo-  E>.  (2) 

The  trajectory  of  the  ion  of  mass  hi  in  these  &lds  has 
the  form 


'  ^  S)M 


The  extraction  efficiency  of  clearing  electrodes  depends 
on  the  longitudinal  motion  of  ions  because  the  electrodes  do 
not  cover  all  the  ring  circumference.  Th^  cannot  be  inserted 
inside  the  magnets  of  the  ring.  Hence,  the  parameters  of  the 
ion  cote  trapping  by  the  electron  beam  are  dependent  on  ion 
motion  betwm  the  clearing  sets.  As  a  rule,  the  clearing 
electrostatic  electrodes  are  installed  at  dipole  magnet  ends. 
So,  the  present  results  for  the  ion  core  parameters  ate  given 
just  for  this  layout 

n.  ION  MOTION  IN  COMBINED  MAGNETIC 
AND  ELECTRIC  FIELDS 

The  drift  of  diatged  particles  in  crossed  electric  and 
magnetic  fields  has  been  studied  rather  thmoughly  [1]. 
However,  inqrtetnentation  conditions  for  the  drift  theory 
significantly  (tiffin'  from  those  existing  in  storage  rings, 
namely,  the  initial  kinetic  enogy  of  ions  is  about  the  thermal 
energy  of  gas  molecules  (<«O.03  eV),  whereas  the  electrostatic 
potential  of  the  beam  reaches  several  hundred  volts  per 
ampere  of  the  beam  current.  Therefore,  the  ion  momentum 
ciumges  significantly  during  a  cyclotron  period  [2].  The 
cyclotron  motion  of  ions  can  not  be  used  for  perturbation 
treatment.  Here  we  shall  derive  ion  trajectories  in  combined 
fields. 


n2  2 

D  =Q>  +— ;  = 

M 


hie 


These  expressions  show  the  ion  describing  an  dlipse  that 
moves  along  the>  axis  with  a  direct  vdocity 


It  should  be  noted  that  is  the  same  as  the  drift  vdocity 
is  (see  (1]),  but  the  trajectory  (3)  differs  from  the  drift  one. 
The  amplitude  of  the  x-oscillations  is 


Ma 


It  can  be  easily  found  that  for  a  small  nonuniformity  of 

the  electric  field  « 1),  the  dired  vdodly  is 

ddennined  by  the  electric  field  strength  in  the  center  of 
x-oscillations: 


The  ion  tngectory  in  dipole  magnets 

Consider  a  singly  charged  ion  born  at  rest  in  the  uniform 
magnetic  fidd  and  the  normal  to  it  electric  field 

Let  the  electric  field  be  expanded  around  the  initial 
coordinates  (tf  the  ion  (Xq,  j/q): 


En+OyiE'  EcC  c  dQ> 

=  — - - — c=-^  = -  .  (6) 

Bq  Bq  B^ 

Analysis  of  the  ion  motion 


E  =  Eq+{x-Xq)E'  (1) 

This  fidd  is  related  to  the  normal  component  of  the 
potentnd 


In  the  reference  frame  turned  around  the  r-axis  by  an 
arbitrary  angle,  the  direct  ion  velocity  can  be  written  in  the 
canonical  form: 
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(7) 


c  _  c  d<t> 

Ba  dy'  ^  Bq^x 


The  coordinates  (x,  y)  of  the  direct  motion  are 
canonically  conjugated,  Hamilton  function  is  independent  of 
time 


(8) 


Using  the  hamiltonian  treatment  of  direct  ion  motion  we 
cmne  to  the  conclusion  that  in  a  uniform  magnetic  field  the 
ions  move  along  the  curves  of  a  constant  electrostatic 
potential  O.  Expression  (8)  is  very  useful  as  a  basic  solution 
for  the  perturbation  treatment.  By  this  way  one  can  easily 
obtain  tte  gradient  drift  at  the  magnet  ends: 


dH  c<bdB 
dy  ip-  dy 


(9) 


It  explains  the  acceleration  of  ions  moving  out  and 
reflection  of  ions  moving  into  a  magnet.  Similar  efiGscts  occur 
if  the  longitudinal  electric  field  is  applied  (asymmetric 
electrodes,  etc.  [3]).  Examples  of  the  direct  trajectories  of  ions 
are  presented  in  Fig.l.  The  magnet  edge  and  the  clearing 
electrode  are  at  the  right  hand  side.  The  isolines  in  this  figure 
have  been  drawn  at  tegular  intervals  of  the  Hamiltonian,  so 
the  velocity  is  inversely  proportional  to  the  graces  between 
the  lines.  The  rqwlsion  of  ions  by  a  positive  electrode 
(bottom  figure)  has  been  observed  and  obtained  in  the 
simulations  [3]. 

Kinetic  description 

The  above-written  Hamilton  function  (8)  generating  ion 
trajectories  allows  us  to  describe  the  evolution  of  the  ion  core 
by  the  Vlasov-like  kinetic  equation; 


-^  +  {//,w,}  =  o-/%woc;  A<D  =  4;r|e|(/i^-/i/).  (10) 
ot 


Here  a  is  the  ionization  cross  section;  is  the  beam 
density  averaged  over  the  period  of  the  bunch  sequence;  /Iq  is 
the  density  of  residual  gas;  {  }  represent  the  Poisson  brackets. 


For  the  case  of  a  low  core  density  /?,■  //i^  «  1  and  the 
azimuthally  uniform  electron  beam,  one  obtains  the  core 
density  at  a  distance  downstream  the  clearing  electrodes; 


rti  =  artQBoy^  (11) 

Ex 

In  this  case,  the  density  of  the  ion  core  is  independent  of 
the  beam  cunent,  because  the  electric  field  is 
proportional  to  the  beam  density  Taking  into  account 
both  the  upstream  and  the  downstream  ion  flows,  we  can 
easily  obtain  that  the  number  of  ions  between  two  clearing 
sets  is  proportional  to  the  distance  between  these  sets,  to  the 
residual  gas  pressure  and  the  magnetic  field  strength  for  any 
beam  current.  For  an  arbitrary  neutralization,  when  all  ions 
reach  the  clearing  electrodes,  the  neutralization  factor  caimot 
e.xceed  one  half 
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(12) 


^0.5 


as  can  be  derived  ftom  (11).  This  is  twice  as  small  as  diat  for 
the  alMeiioe  of  deuiog.  It  should  be  noted  diat  the  near-axis 
urns,  that  move  dowly,  cannot  reach  the  electrodes.  So  the 
ion  core  dmtsity  at  x  =  0  is  limited  by  the  conditions  o(  ion 
confinement  by  the  beam  in  the  magnet-fiee  space  [3]. 

The  core-to-beam  density  ratio  is  presented  in  Fig.2  for 
the  Gaussian  distribution  of  the  x  beam  density. 


NSTEK-  100 

Tim-  0.M0240I-06 
TOTALS  •  24.0073C0 

H  UPUSSHTS  1.248329E-01 
XMAX  TMAX 

».E2t001E-01  i.e«is»s 

- II - 


Fig.2.  The  relative  core  density,  y  and  z  axes  are  in 
arbitrary  units. 

The  shape  of  the  ion  core  density  differs  from  that  of  the 
beam  both  in  transverse  and  longitu^nal  directions. 

m.  SIMULATIONS 

Simulation  of  the  ion  core  evolution  has  been  carried  out. 
The  code  is  based  on  equation  (10)  without  the  RHS  in  the 
kinetic  equation.  The  initial  density  shape  of  the  ion  cote  was 
the  same  as  the  beam  -  Gaussian  transverse  (tensity 
distribution  and  the  uniform  longitudinal  one.  The 
neutralization  foctor  for  singly  charged  nitrogen  ions  was  0.1. 
The  clearing  electroctes  ate  placed  at  both  sides.  Fig.3  depicts 
the  density  distribution  after  time  interval  of  6.6  psec.  As  it 
can  be  seen  ftom  this  figure,  the  longitudinal  density  shape 
becomes  'three-angular,'  the  transverse  shape  differs  ftom  the 
Gaussian  one. 

IV.  CONCLUSIONS 
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Fig.3.  Simulated  ion  core  density  distribution,  x-axis  is 
directed  vertically. 


ii  -  The  neutralization  factor  is  limited  from  above  hy  the 
value  of  one  half  comparing  to  unity  in  the  firee  space. 
iii-  At  a  low  neutralization,  the  density  of  the  ion  core  is 
independent  of  the  beam  current. 
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Ahiiract 

The  npeteoadactuig  RP,  CW  CEBAF  acedetaiot  w31  aae 
a  pair  of  aatIpataUd  400  MeV  Haaca  connected  by  ledieii- 
latkm  arcs  tat  nominal  4  GeV  in  6ve  passes.  Sinf^pass, 
high  ponet  testing  of  the  flnt  linac  has  been  conducted 
during  the  months  preceding  the  conference.  The  RF  conr 
trol  qrstem  [1]  has  been  dedgned  to  contrdi  cavity  gradient 
and  phase  ante  a  wide  range  of  gradients  and  significant 
beam  loading.  At  lUl  beam  current,  aeederating  gradient 
is  approrimateiy  equal  to  accderatiag  voltage  in  the  su- 
pereonductiag  RF  cavities.  Even  though  the  beam  current 
daring  the  hi^  power  testing  is  one-fifth  of  the  ftdl  cur¬ 
rent,  beam  loading  is  substantiaL  Operational  experienee 
of  the  response  ct  the  RF  qrstem  is  presented.  A  tuning 
algorithm  whidi  compensates  fisr  beam  loading  effects  has 
been  devdtqied  and  tested.  Heavy  beam  loading,  corre¬ 
sponding  to  five-pam  operation,  was  studied  by  increasing 
the  loaded  Q  of  ^  cavities.  A  current  modulation  exper¬ 
iment  addressed  the  imue  of  energy  qiread  increase  due  to 
current  fluctuations,  and  the  effect  of  by-passed  cavities  on 
beam  properties  was  investigated. 

I.  Introduction 

The  superconducting  RF,  CW  CEBAF  aecderator  consists 
of  two  anttyaraOd  400  MeV  hnacs  connected  by  redrcula- 
iion  arcs  tot  nominal  4  OeV  in  flve  passes.  At  fbD  beam 
current  of  1  mA  the  beam  is  ngniflcaat,  resulting 

in  a  beam  induced  voltage  approodmatdy  equal  totheac- 

cderatiag  voltage  in  the  RF  cavities,  He  s/b(if/Q)0«Bt  • 

For  the  CEBAF  cavities  (R/Q)  =  900  O/m,  nominal  Q«tt 
s  6.6x10*,  thus  Hr  =  6.3  MV/m. 

Tb  achieve  the  low  spedfleation  on  the  beam  energy 
spread  of  og/E  s  2.6xl0~*,  strict  amplitude  and  phase 
control  of  the  RF  fleld  in  the  338  cavities  is  required.  The 
RF  control  qrstem  has  been  designed  to  control  the  cavity 
giadieat  and  under  a  wide  range  of  gradients  and 
dgnificant  beam  loadiag. 

Ouringthe  months  preceding  the  confinenee,  single-pass, 
high  power  testing  of  the  flrst  liaae  was  conducted.  Even 
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though  the  beam  current  during  the  high  power  testing  is 
one-flfth  ofthefiill  current,  beam  loading  is  snbstantial.  A 
number  of  tests  towards  gaining  operational  eq>e- 

rience  of  the  response  of  the  RF  syetem  were  carried  out 
and  ate  presented  here:  the  beam  loading  algorithm,  RF 
performance  with  heavy  beam  loadiag,  current  modulation 
and  cavity  by-passiag  experiments.  M<»e  tests  were  car¬ 
ried  out  during  the  high  power  testing  which  ate  described 
dsewhete  [2],  [3],  [4],  [6]. 

II.  Beam  Loading  Algorithm 

To  demonstrate  the  necessity  of  beam  loading  compensa¬ 
tion  of  the  tuning  algcnithm,  we  start  with  Fig.  1,  which  is 
a  vector  representation  of  the  generator  H*  l>«un  loading 
Hi  and  total  cavity  H  voltages  in  an  RF  cavity  [6].  The 
generator  and  beam  induced  voltages  for  an  on-resonance 
cavity  ate  represented  by  Hr  wad  H*  respeetivdy.  The 
three  angles  noted  on  the  flgnre  are:  the  phase  angle  ^  be¬ 
tween  beam  current  and  the  crest  of  the  RF  vdtage  wave, 
the  detuning  an^  ^  between  generator  (beam  loading) 
voltage  on  and  off  resonance,  and  the  angle  a  between  cav¬ 
ity  vdtage  and  generator  voltage  on  resonance.  In  reality 
the  detuning  angle  is  modulated  by  mictoidionie  noise  in 
the  frequency  tangeof  1  to  200  Hs  with  atypical  amplitnde 
of  ±6*.  In  Ae  CEBAF  aecderator  the  tunii^  mechanism 
allows  only  for  slow  corrections;  therefore  the  detuning  an- 
1^  is  controlled  on  average.  The  average  detuning  angle 
has  to  be  maintained  to  better  than  d:3*  in  mder  to  meet 
the  specifications  for  amplitnde  and  phase  r^nlation  and 
minimise  power  requirements. 

The  phase  detector  in  the  RF  eontrd  system  can  not 
measure  directly  the  detuning  an^ie,  but  the  phase  dif¬ 
ference  between  incident  and  transmitted  (probe)  signals, 
which  is  the  an^  a  in  Fig.  1.  For  sero  beam  current, 
the  detuning  an^  is  equal  to  aa|^  a.  However,  for  finite 
beam  current  the  two  aa|^  are  different.  For  examine, 
for  7b  =  1  mA,  ^  s  30*  and  ^  =  10*,  a  =  20.07*.  Thus 
the  purpose  of  the  algorithm  is  to  find  the  true  detuning 
angle  in  terms  of  o,  H  ud  Hr  onfl  this  as  the  signal 
to  which  the  tuners  req>ond.  Fh>m  Fig.  1, 

_  tana[H->-HrCoa^]-Hrdn^ 
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RfiiN  1:  Vector  rcpicec0t»tion  ct  the  goittatot,  beam 
imlseed  ami  total  eavitjr  voltacea  m  aa  RF  cavity. 


wbm  ia  given  ia  the  latrodaction. 

The  alguithin  waa  tected  ia  the  Ihieetor  eavitiaa  IN04>< 
aad  IN04-8  with  s  5  x  10*  aad  1.6  x  lO'  cMxeepoad* 
iaily.  CW  beam  waa  oa  crest  aad  the  acedkratiag  gradi- 
eat  ia  thaae  cavities  was  3.S  MeV/m.  The  cavities  were 
hutiaDy  detaMd  by  20*  at  aero  beam  carteat.  Cnrreat 
was  then  varisd  ftom  200  to  0  bt  (teps  of  20  /lA,  aad 
the  aa^  ot  was  measared  (at  each  stq>)  with  ^e  algo¬ 
rithm  tamed  off  aad  oa.  Fbr  cavity  INO^  the  algorithm 
saeeeeded  ia  retaraing  the  correct  detaaing  angle  arithin 
0.S*,  while  for  IN04-6,  with  6  times  higher,  the  largest 
error  was  2*,  dae  to  the  foet  that  the  detaaing  aa^  is  3 
times  more  sensitive  to  fteqneacy  changes  of  the  cavity. 


DC-Bloek 

SdMOkyOiod* 


ACCfWsSaS  S*op«or 

SpaenuB  Aaalyacr 


Figare  2:  Ei^etimeatal  set-ap  for  testiag  the  RF  perfot- 
maaee  aader  heavy  beam  loading. 


Figare  3:  Spectra  of  gradient  error  for  0,  40,  aad  80  fiA 
beam  carteat. 


III.  Heavy  Beam  Loading 

The  paxpoee  of  this  test  was  to  measare  the  effect  of  beam 
badhig  oa  the  qaaKty  of  cavity  gradient  aad  phase  teg- 
alation  aad  to  verier  that  RF  eoatrob  ace  stable  aader 
heavy  beam  loading.  The  test  to<A  place  in  the  lajeetor 
cavities  0104^7  and  IN04-8  where  wavegaide  transformers 
iaeteased  the  external  Q  to  1.9  x  10^  aad  1.6  x  lO’^  re- 
speetivdty.  The  above  Q  valnes  provide  300 

|iA.  CW  beam  entreat  of  30  MeV  tan  ia  the  Iiyeetor  aad 
xesidaal  gradient  aad  phase  iaetaatioas  ia  the  two  cavities 
amntiaMd  above  were  measared  as  fonctions  of  beam  car- 
xeat.  The  sei-ap  for  the  measaxeaieats  ii  shown  ia  Fig.  2. 
Aa  external  Sehottky  diode  with  DC-bloek  was  ased  to 
measare  gradieat  iaetaatioas  iadepeadeatly  of  noise  gen¬ 
erated  ia  the  deetronies  of  the  centrals  i^ale.  The 
aUhiity  of  the  spectra  of  the  gradient  iaetaatioas  at  dif¬ 
ferent  beam  enrxeats  (0,  40,  80,  160  ^A),  shown  in  Fig.  3, 
temastmtes  that  regnal  amplitade  noise  does  not  de¬ 
pend  on  beam  earxeat.  Ihxthemiote,  a  mote  qnaatitative 
measaxemeat  was  eoadaeted:  the  iategtal  of  the  tms  gm- 
dieat  error  signal  in  the  fteqneacy  mage  of  10  to  100  Hs 
wascalcalated  (aaiag  a  LeCtoy  ty^  scope)  for  0, 40  and  80 
|iA.  These  vafaiM  were  fonnd  to  be  >33.92  dBV,  -34.22  dBV 
aad  -33.78  dBV.  Tbking  into  aeconat  the  60  dB  pteamj^ 
ier  (see  Fig.  2),  the  tdative  mu  gradient  error  is 
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in  the  10  to  100  Hs  fteqnen^  range.  The  ^eeiieatioa  for 
nnmrrelated  amplttnde  iactaations  is  2  x  10~*  ap  to  1 
MHs;  however,  it  has  been  observed  be£i»e  that  the  eoa- 
txibntioa  ftom  the  higher  fteqacncies  is  ae^igible. 

IV.  Current  Modulation 

in  order  to  determine  whether  beam  carxent  iactaations 
caase  energy  spread  in  the  beam,  a  cartent  modabtion  ex- 
peximeat  was  completed.  The  eaqperiment  consisted  of  folly 
modalatiag  a  high  carreat  beam,  aad  eocedating  with  the 
voltage  iactaations  ia  the  IN04-6  sapereondneting  cavity. 
Two  hnadred  miexoamp  CW  beam  was  sqnaxe-wave  mod- 
alated  at  150  Hs  by  amplitade  modalatiag  the  chopper 
power  (the  average  carreat  after  modalation  was  100  jtA). 
ne  response  of  the  RF  control  system  was  measared  in 
two  locations. 

Firstly,  the  gradieat  modalator  drive  in  the  gradient  con¬ 
trols  was  observed.  The  gradient  mod  drive  controls  the 
klystron  power;  it  eadiibited  the  same  sqnare  wave  mod- 
nlation.  Comparing  the  spectm  of  the  beam  carreat  aad 
the  mod  drive  revealed  that  the  ^ectm  were  identical  at 
harmonics  of  the  modalatimi  fteqaeacy  np  to  more  than  10 
kHs.  They  also  exhibited  the  1//  fi^nency  dependence 
at  odd  harmonies,  a  characteristie  of  sqnare  wave  modnln- 
tioa.  The  scales  of  the  modalation  peaks  were  consistent 
with  the  known  properties  of  the  RF  eoatrds. 

Secondly,  the  gradient  iactaations  ia  the  cavity  were 
also  observed  nsing  the  Sehottky  diode  described  pxevir- 
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of  tha  ■adaiatfaa  ftaqaney*  A  oaa  paraiiMlat 
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to  cakalate  tka  peak  locatkaa  kaaad  oa  tka  eanaat  spae- 
tiaai  aad  tka  Bo^  plat  af  tka  R7  eoatrak.  Tka  Bode  plot 
dwws  tkat  tka  loop  fok  G(w)  frUs  aa  l/f*  m  tka  lagiai 
kahiaan  1  aad  10  kHi,  aeeouitlag  te  tka  Aat  paak  salaaa 
okoatsad  ia  tkis  ftaqpaaej  nafo. 

Tka  siaallaaM  of  tka  soitafa  iaetaatioaa  iadaead  hf  tka 
aakiaat  eanaat  iaetaatioaa  ia  tka  CW  baam  cwmhiaad 
vitk  tka  labtisak  laifa  aolaa  la  tka  RF  coatsola  (at  tka 
tV/V  M  10~^  lavti)  auda  it  AfleaU  to  diiaetly  aiaaaaM 
tka  amWaat  aoitata  iaetaatioaa  doe  to  baaai  »«*«**^g  of- 
inta.  Howam,  tkaaa  asodahtioa  aiaaaafaaMata,  aloag 
altk  ■aaaafamaata  tkat  akov  tkat  tka  aiakiaat  eanaat 
iaetaatioaa  an  laaa  tkaa  l.S%,  daaieaattata  tkat  tka  baan 
iadaead  idatha  sottafa  iaetaatioaa  an  aadat  10~*.  Ba- 
eaan  the  condatad  idativa  ampfitada  anot  ^adieatioa 
ia  lO"*,  baam  Inadbn  koald  ba  a  aotfilbla  eoatiibatet 
to  tka  aaatgp  qnad  ia  tka  iaal  baam. 


Fifan  4:  Maoaaiad  data  aad  paadietad  salaaa  of  baam 
iadaead  aoltota  aad  ita  iaetaatioaa  ia  a  by  pamad  cavity. 

to  iaaaftdaat  aeeaney  of  oat  anaaanBMBta.  Flaally  at 
300  ^  CW  baaaa,  a  dataaiaf  ftaqaoB^  of  1  kEa  appaan 
topaovida  tka  nqiaimd  aaaagy  atabiity  of  tka  baaai. 


VI.  Conclusions 

Baaaha  of  tka  da^paaoi  povet  taata  doiiag  tka  CE> 

BAF  aoatk  Baae  eooBiaiadoaiai  have  baaa  npeatad.  A 
taaiac  alfoaitkm  vhkk  paovidaa  compaMatioa  te 


V.  Cavity  By-Passing 

Haidaan  Odlama  aadi  aa  deCaetna  Uyatnaa  ot  higk  volt* 
age  poaoa  aanB**  ngaiia  tka  ahatdova  of  iafirid- 
aal  cavitim  oa  etyomodalaa.  Ia  thii  earn  the  idBag  qro* 
tarn  aaada  to  ba  by>paaaad  aatfl  the  dabetiva  aaboyatam 
ia  npabad.  Mott-epantioBal  csvitiaB  aaad  to  ba  datBoad 
to  ndoea  tka  baam  iadaead  soltafe.  Aa  eipcciiBaat  [I] 
wmt  eaniad  oat  daiiag  the  high  powos  taatiag  of  tka  waHh 
laae  ia  oadaa  to  a)  soafy  tka  validity  of  calealatioa  of  tka 
baam  iadaead  voltaga  and  ita  iaetaatioaa  fl>^,  daa  to 
adaophoak  aoin  ia  a  by-pamad  cav^,  b)  datanaiaa  the 


iiad  ia  tka  maikiaa.  Haavy  baam  Ina^ag  naa  dmalatad 
tijjarraodag  the  Inadnil  fj  nfa  raiitj.  aail  tka  paifnmiaiirii 
of  the  RF  ooatml  system  «ao  aaaaasaad.  Tka  RF  eoetnl 
^atam  caa  ngalata  witkia  ^aciicatioaa  iad^aadaatly  of 
baam  eanaat.  A  eanaat  modalatina  aipoiiiBaat  dbearad 
aaamWgaoody  tkat  baam  eanaat  iaetaatioaa  at  the  ax- 
poetad  1.5%  load  wfll  kava  a  natfgililB  d^  oa  tka  aaaagy 
i^nad  of  the  beam.  Good  agneiacat  balaaea  paadietad 
vafana  aad  meaaawid  data  of  tka  baam  iadaead  aohaga 
aan  obtaiaod  ftom  a  by-pamad  cavity.  Tka  optimom  da- 
taaiag  ftaqoaa^  fee  by-paadag  waa  datonniaad  to  be  at 
kaat  1  kHs  at  200  /lA. 


^aoad  aad  e)  ^adQr  aa  optianm  off  naoaaaea  ftaqaeacy 
be  by  paaring.  Iqaetoc  cavity  1N04-6  waa  by  pamad  akila 
the  maetoc  araa  epaiatad  witk  SO  MaV,  CW  beam  aad  ap 
to  SO  |iA  beam  eanaat.  Cavity  0  waa  detaaod  by  apprac- 
imatdy  100, 200  aad  1500  Hi,  aad  aad  51^  wan  aua- 
sand  ftim  cavity  pioba.  Data  was  neofdod  ftom  both 
the  tyoetnm  aaalyiac  aad  the  oadDoseq^  aad  ia  plotted 
ia  Fig.  4  together  with  the  thaontically  ca^aetad  valom  of 
1^  (attai||d  Bam)  aad  51^  (dotted  Bam).  Tka  ban  npn- 
mat  the  capoffanaatal  iaetaatioaa  of  V^.  The  thaontieal 
aafama  an  dadvad  ftom  tka  LCRdreoh  omdcl  of  a  na»> 
aaat  cavity.  Ttea  ia  a  good  agraamaat  batwaoa  BMaaatad 
data  aad  pndktad  vobma  be  1^.  Bowaver,  the  iactoa- 
tiooa  of  H  biggsc,  aipwhnaataBy,  tkaa  ooa  woold  az- 
paettimptydoatomieropboaies.  A  beam  poiitioa  auaitoc 
(BPIf)  ia  a  Ugk  di^aitiea  ngioa  waa  also  asod  to  maa> 
san  aangy  ^aagm  at  ddfeieat  detoaiBg  aof^  aad  beam 
eanaata.  The  coaegy  dmagm  obaarvad  an  coaaiateBt  with 
tka  vakMs  of  1^;  kowam,  it  waa  aot  posaibla  to  catimata 
the  oSmt  of  adesophoaie  aoin  oa  tka  aaetgy  spnad  dae 
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A  bean  cotdng  method  which  uses  a  stimulated 
emisshw  of  nfiatioa  ^  relativistic  elections  in  a  magnetic 
field,  is  proposed  to  apply  10  an  dectroo  beam  in  syncluotron 
ladiatioo  li^  The  stimulation  is  produced  by  a  traveling  RF 
electric  in  a  transmission  line  against  the  team. 
Averaging  the  emisdon  power  over  electron  energy 
diatiibutiaBs,  the  net  emission  fiom  the  beam  is  taken  {dace  m 
a  certain  fiequency  region.  Some  conditioos  for  the  ener^ 
emission  are  discussed.  The  emission  po^  is  shown  to  te 
enough  targe  to  decrease  the  horizontal  emittance  of  the  beam 
loaveqr  small  value  in  ^ical  synchrotron  ladiatioo  rin^ 


where  E  is  the  amplitude  and  to  the  finequency  ol  the  qiplied 

electric  RF  field.  Ine  fiequency  response  function  g(omi,  H-l) 

of  applied  RF  electric  field  can  te  assmned  to  te  Lorentzian 
for  a  rather  large  debunching  time  X  as 


1.  Intmdiiction 

The  equilibrium  horizontal  emittance  of  the  electron 
beam  in  a  syncbotron  radiation  (SR)  ring  is  determined  by 
conmeiitioo  of  die  quantum  excitation  and  radiation  dam|ting 
[1].  The  emittance  scales  like  6^  where  6  is  a  deflection  angle 
per  bending  magnm  [2].  Therefore,  in  principle,  an  arbitianly 
small  value  of  the  emhtance  cm  be  reached  if  the  deflection 
angle  is  chosen  small  enough.  This  trend,  however,  is 
inevitably  limited  1^  the  imdwty  to  correct  chromaticities 
which  restrict  beam  stability. 


n.PrincmIe  erf  the  method 

As  a  possible  alternate  method  to  decrease  the 
emittance.  we  pnqiose  a  nmthod  based  on  a  stimulated 
asBisaion  (rf  inditaion  fiom  a  cyclotron  motion  (rf  electrons  in  a 
magnetic  field.  The  emission  is  caused  by  a  rdativistic 
quantum  effect  in  a  certain  fiequency  condition  of  an  incident 
ladiatioo  PJ. 

Ihe  cyclotion  motion  of  an  electron  in  a  uniform  magnetic 
field  B  is  lelativistically  described  by  Dirac  equation  [4] 
which  leads  the  kinetic  energy  levels 


1 


G  2 

5 - *n.c 


for  the  motion  in  a  perpendicular  [dane  to  the  mi^netic  field, 
where  me  is  the  dectron  mass  and  <iae»eB/me  is  the  cyclocron 
firequency  of  the  non-ielativistic  electron.  The  transition 
fieqnmcy  o>i4+i  between  state  ta-l  and  i  can  te  obtained  by 
ejqxnding  the  square  root  q)  to  the  second  order  as 


The  matrix  element  for  the  electric  dipole  transition  between 
the  states  i  and  i-f  1  is 


Iki+i 


“I 


0+m 

2m,o>, 


The  transition  probability  wi,i.|.iawi+i,  i  between  the  state  i 
and  i+l  is  given  as 


The  net  power  transfo'  is 

Pi  =  *(fi>i.i+j Wi.i+1  -  Wu_i Wi  i., )  , 


which  can  te  dther  [dus  or  mimis  depending  on  the  u.  The 
n^ative  value  means  the  emissioo  of  power  Cm  the  dectran. 
In  the  formula,  the  frequency  between  state  i  and  i-1  is 
slightly  larger  than  and  can  te  written  as 

Summarizmg  above  relations,  the  net 
transfer  of  power  per  electron  with  kinetic  energy  W  is  written 
as 


j  c*tE*  W 

I 

m,  2  fuOg 

I+x*  l+(x+aQ)* 

jg,  ot=te>c/m,c^  and 

> 

/©cfl - T 

> 

(V) 


Originally  the  power  transfer  (1)  is  not  for  single 
electron  but  fixr  an  ensemble  of  monoenergetic  electrm. 
However  if  electrons  gyme  the  cyclotron  orbit  in  same  phase, 
it  may  te  used  for  single  electron.  A  phase  buying 
roechmism  is  shown  classically  to  arise  from  the  frequency 
change  due  to  the  relativistic  mass  effect  on  die  cydotron 
gyration  [S].  The  mechanism  is  shown  to  te  justifield  by 
numerical  calculation  of  the  phase  history  of  an  electron 
gyiation.The  bunched  electrons  emit  thdr  energy  cobetendy. 

Hereafter  we  consider  an  etectron  in  a  beam  bunch  in 
an  application  of  the  phenomena  to  SR  rings.  In  the 
tqiplkation,  the  magnetic  field  is  apidied  longitudinally  and 
the  RF  field  tiansversally  to  the  election  beam.  The  quantities 
in  the  connoving  frame  with  the  electron  bunch  are  qiecified 
by  the  qiper  bar  (rf  them. 

in.  Avenge  QvgqiggYSiiisads 

In  order  to  obtain  an  effective  power  transfer  of  an 
electron  in  a  synchrotron  radiation  ring,  the  power  transfer 
have  to  te  avenqed  over  kxigitudinai  and  transverse  enagy 
spreads  of  the  electrons  in  the  beam.  The  longitodinal  energy 
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■liwi  fiddi  •  ^wid  Ag  of  ilie  Mpitod  faequeacy  S.Tbe 
ntfasaev  qvMMi  is  givn  as  dSfa^Ay/y  wbeicYis  ^ 
Lonati  ncior  fcr  tke  osaml  decnon  caorgy  sad  Ay  is  dw 
mad.  Because  of  the  eaesD^  spvMl.  SB  eleciroa  feds  SB  RF 
Add  widi  a  feBi|oeacy  JS  which  distribniBS  arooad  9.  We 
lahe  a  uaifionB  disiribatioo 

f(«?)sl/2AS  far  5-AS<S'<S-t-AS 

>0  otherwise 

to  make  the  cakalation  easy.  The  power  transfer  averaged 
over  the  feequeacy  distribution  is 

<P(o)>B  JfK^  )f(S7)di7 . 

Ftuthermore,  the  power  tnnsfer  has  to  be  average  over 
the  transverse  kinetic  energy  W.  The  distribution  function  of 
W  in  an  electron  ring  is  an  exponettid  one  as  [1] 


E,(a)=r^dt. 

•t  t 

_  Otherwise  for  saiatt  value  of  lAiB.  the  power  transfer 
at(»BBc  iscalculatBddiiecdyusi^eq.(l)iobe 


This  is  not  in  actual  cases  however.  Either  way.  the 
characteristic  coding  dme  of  the  betatron  oscUfatfion  in  dw  00- 
moving  frame  is 

A  negative  value  at  indicates  the  beam  is  cooled  rather 
than  heated. 


g(WHl/F^p(-W/T), 

where  T  is  some  mean  transverse  kinetic  energy  of  electrons 
in  the  beam.  The  average  power  transfer  at  0  is 


IV  Rqimatinq  of  the  paiamirtm 

Now  we  express  T  as  a  function  of  some  ring 
parameters.  Here  we  fake  a  usual  coor&nte  system  s,  x  and  z 
to  qtecify  the  podtkm  ^  an  electron.  Thmi  the  width  of 
transverse  kinetic  energy  T  in  the  moving  frame  is  given  by 


<P>=  f<lK®)>g(W)dW. 

*0 

The  power  ttansfer  is  function  of  the  frequency  apfdied 
field  <0  and  can  be  plus  or  minus  depending  on  the  frequency. 
It  is  complicated  to  express  the  fuKtkm  at  im  arbitral 
frequency.  At  the  frequency  tt-me-fAco,  where 
OcseBi,/m«3L  die  kmgitiidind  magnetic  fidd,  the  power 
transfer  is  simplified  to 


2m.  hm.  Ia^"" 


Since  in  dectron  rings,  the  condidon  a0.T=oQ«l  is 
always  satisfied,  we  can  expand  the  integrand  Amedon  to  the 
Taylor  series.  We  take  up  to  second  order  terms  in  the  series, 
dim  power  transfer  is  lead  to  for  tAo»>1 


16m,TAS 


ze*Ei(z) 


where 

2=2meC^di5/fS5c, 


(3) 


(4) 


T»Tx+Ti 

In  actual  ring.  Tz  is  much  smaller  compared  to  Tx.  Ihe  Qfpical 
vdue  (rfTx  IS  expressed  as  [fi) 

T,=mecVex/2*P, 

where  Px  fe  die  horizomal  betatron  fuactioo  in  die  r^iion  of 
the  RF  fidd.  We  give  ty]»cal  vahies  of  the  quantities  for 
Advanced  Light  Source  (ALS)  ring  at  Lawrence  Bericdey 
Labotmxxy  [7].  The  Tx  is  8.6x10^  eV  for  the  beam  eaeagy 

meC^l.SGev  fore,=4j08xl0~*xmjBdian  and  bx  »nm  far 
the  ring.  The  value  dTx  is  taken  to  be  the  mean  energy  T  at 
die  transverse  motion  in  the  beam. 

The  RF  electric  field  is  produced  as  a  travding  wave  in  the 
parallel  plate  transmission  line  in  the  beam  tube  against  the 
etociron  beam  as  shown  in  Fig.  1.  The  ffelds  in  die  ubontory 
frame  are,  so  to  spedc,  compressed  in  die  co-moving  frame 
and  the  strengths  are  amdified  by  a  factor  2y  fix  extiemdy 
leladvistic  electron  energy  [8]. 


Hg.l.  Inside  view  of  the  vacuimi  tube  in  the  longitudinal 
adenoidal  magneet  with  the  paralld  {date  transmission  line. 
The  frequency  m  the  RF  field  in  the  laboratory  frame  m  is 
muldplM  also  by  the  same  factor  in  the  co-moving  frame  as 
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V«2llli.  Tke  oooliag  liaM  in  the  co-moving  fnae  is 
eipiipilBJ  ^  •  fKlor  Y  hi  the  fariMxaiory  system  by  a 


Nnt  we  will  coemdcf  the  vdoe  of  the  phase  breakmg 
ttae  f  oflheqrdoiraaBMtiaBiBihetmBsv«neidsBe.Tbe 
■ahi  soane  10  fedaee  te  phase  breakiag  thae  coBies  from  a 
ipiead  of  qMoiiQa  fOMiiQB  aa^  produ^  by  eaergy  spnad 
of  elecaoa  ia  the  beam.  The  soasce  is  wpwseiaed  as  the  first 
MmoftefbHowiBgeqBaiioaofthebnycmf  tiinef  [9] 


for  exaeawly  idathnstic  ekctfoa  beaai,  where  L  is  the  kagth 
of  te  loaghwiaal  Bsagoetic  field  aad  Bf(xAs)  the  variadoa 
of  the  fido.  Siaoe  the  fim  tern  ia  the  Bnicket  is  too  aiach 
iMge  for  Bsoal  relaiive  eaeigy  width  dy/y  ofelectroa  beam 
ia  a  rag  ia  applkasioa  lo  the  Blaster  coohng,  we  propose  to 
by  e  ftwnpfasiaiag  snfraoidal 

oiaipwt  ia  the  riag .  We  aiafce  the  field  daectioo  of  the 
ooamearaiag  aiagaet  to  be  opposite  with  that  of  the 
ta^tadlMlmigaetfiddshoswiasPIg.  lofref.[91. 

The  secoad  lem  denotes  the  small  fidd  variatioa  of 
loaghiidiaal  field  coaqwaeats  of  the  two  magaet  The  field 
variidoa  has  an  appredable  effect  on  the  debuaching  of  die 
cydottoa  motion.  However  any  beam  dyaamkd  dCects  the 
fidd  amy  not  caase  the  pile  op  of  the  field  hn^ii  for  a  ring 
whkh  has  a  ayamwtric  lattice  stnictnre.  Debanchiag  of  the 
BMNioo  auQf  occur  from  the  longitadinal  componoM  in  the 
friagiag  fidds  of  the  aotenoidal  and  lattice  magnets.  However 
the  dectroa  recdves  the  fields  within  a  very  short  time 
daration  in  the  oo-moving  frame  and  the  effect  on  the 
cydotroa  asotion  may  be  much  aneiuiated  by  an  adidtatk 
consideration  the  motkm.  Farther,  the  sum  of  the  effect 
canceb  out  for  each  magnet  lMra>beam  scattering  in  the 
bradi  is  estimated  to  give  an  insignificant  effect  on  the 

drS—iehiiig. 

Finally  we  will  estimate  the  lower  limited  of  dm  t 
required.  In  the  first  place,  the  panmeim’  z  of  eq.  (4)  is 
calcalaied  to  be  0358  for  die  ALS  ring  parameters  Ta860 
eV,  A3/mea3xl0^  and  mec^S.llxl^  eV  and  it  leacte  the 
value  of  the  function  ze%|(z)  of  0.4.  We  adcqit  10  Tesla  for 
Bl.  It  leads  the  cyclotion  frequency  0,81.76x10^^  adibec 
andtheconespowting  quantum  energy  Mo,  s  1.16xlO~^eV. 
The  condition  of  energy  emission  is  that  the  value  in  the 
square  bracket  at  eq.  (3)  is  positive.  It  leads  a  lower  limit  of 
7.  The  lower  limited  of  7  which  leads  energy  emission  can 
be  derived  from  eq.  (3)  with  above  parameters  to  be 


7>10^sec 

for  the  Qqncal  examide.  The  condition  may  be  fulfilled  when 
the  compensation  1^  than  10^.  This  may  be  technically 
possfiile.  The  condition  is  almost  independent  of  T  and 
Att/m,  forz;^03. 

V.ConchiriimandieinMfa 


We  are  now  in  position  to  eatimaie  the  cootmg  time  7, 
of  the  beoaron  oaciflation.  A  rough  estiasaSB  of  da  time  is  the 
first  ficior  of  <]1>  in  eq.  (3)  ss 


7,-. 


Ibm.’PAS 


«- 1.1x10^ 


T^(ey)  AB 
y*E*  H 


where  E  is  the  amplitude  of  RF  dectric  field  in  laboraory 
symem  m  VAn.  In  om  examide,  the  values  of  quantities  in  eq. 
(Qare  Ta>860eV,yB3xlC^AS/S,83xl0^jnd  the  cooling 
time  is  estimated  u>  la  2.7xl0~*  sec  for  Evlfr  V/sii.  The  tina 
is  enogh  short  to  decrease  the  transveerseemittanoe  in  partide 
electron  rings.  For  the  electron  field,  the  power  transmitted 
through  the  parallel  platB  transmission  line  is  some  lOOWand 
the  loss  is  MOutOi)!  W/in  in  usual  desipi  of  da  Bne.  The  loss 
of  this  extent  will  be  tolerated  in  da  siqarconductmg 
aolenoidal  munet 

Though  da  cooling  time  of  the  dynmic  method  seeass 
to  be  sMe  to  be  shorn  as  much  as  one  like  usi^  as  RF  fidkl  of 
large  anmlitnde.  da  tina  in  the  laboratory  frame  cannot 
decrease  lalow  sn  inverse  electron  frequency  1/ib,8^/S, 
which  is  orter  of  I0~*  sec  in  this  exarnple  hf  an  adisnaoc 

The  eleciroo  beam  is  cooled  only  ia  da  RF  field  with 
the  lonritudinal  magnetic  field.  The  dectron  motion  in  the 
remainder  of  the  ring  does  not  affect  the  tzMsition  between  the 
Landau  levels  in  the  adenoid.  Consequently  the  transition  rate 
reduce  by  a  foctor  L/C  where  L  is  the  adenoid  length  aad  C 
the  cuaunfereace  of  the  rii^.  Thus  the  cooliia  tma  constant 
7,  has  to  be  mdtqdied  by  a  foctor  to  obtam  da  effective 
coolmg  time  constant  The  foctor  is  100  if  the  length  L  is 
assumed  to  be  1%  of  da  C.  In  order  to  continue  the  cycloiran 
rr»*ation  successivdy,  a  suitable  phase  lockmg  conskwation  is 
necess^  to  the  betabon  motion  in  the  ring. 

Inough  the  cooling  time  constant  in  the  coraoviag 
frame  has  to  be  mqfoplad  by  da  product  of  two  factors  y 
(3xl(F)  and  CIL  (10^  to  obtaia  the  fadxxaioiy  the  tina  a 
yet  much  shorter  than  da  radiation  damp^  tma  which  is 
typically  some  10  msec  in  usual  SR  rings.  Since  the  transverse 
emittance  of  the  beam  decrease  in  proportiond  to  da  codnm 
time  [1],  we  can  obtain  an  electron  beam  of  very  small 
emittance  in  an  electron  ring  by  the  (fynamkal  method. 
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Abctnct 

nk  paper  k  to  iButrato  that  the  tnuisvefM  emittaBoe 
of  a  beam  wtth  ooastaat  eaetgy  can  be  automatically 
ihihihad  ia  the  particular  etatk  magnetic  fidd,whidh  caa  be 
UMd  ae  aa  nUxtrtua  'coder'  to  aocekfatota  or  stmage 
tkfkTbe  analytical  eolation  for  the  nonlhiear  equatioa  of 
motion  k  bbtained,Tbe  exact  proof  of  the  pcdtkm  kgivea 
by  meaaa  of  the  preckely  analytical  lepreceatatioa  of 
kwbbean  detenniaant  conevondiag  to  the 
noaHaear  tranaformatioa  of  emittaace. 

l.mTR<»>UCnON 

Ctmeeming  the  motion  fm  partidee  widi  coaetant  en¬ 
ergy  tuder  the  iaflueace  of  static  magnetic  fidds,  the  beam 
emittaace  k  an  iBvariaat(l].idiidi  was  strictly  proved  in  the 
insar  approximation  m  IPSgJt  has  aot  only  become  a 
flmdaaMatal  prindpk  ia  die  modem  beam  dynamics  and 
optioa,bnt  also  been  used  to  the  classical  and  quantum 
optka(|2].Tliatefece  in  1991  V.V.  Paikhomdmk  and 
A.NJSkrinaky  pointed  oat:'the  phase  density  of  the 
beam  can  not  be  increased  by  using  any  set  of  external 
deetromagnetic  fidds,  indqiendoit  on  the  motion  of  spedf- 
ie  particles  of  the  beam.*l3]  In  other  words.in  the  modem 
beam  dynamics  the  conservation  of  the  beam  emittaace 
seems  not  to  be  changed  forever. 

In  mder  to  overcome  the  above  severe  restriction,  peo¬ 
ple  crmld  not  hdp  looking  for  other  ways  reducing  the 
beam  emHtance.The  dectron  beam  cooling  was  proposed 
by  O.I.Bodker  in  1966{3].Alter  theB,the  cooling  time  was 
cimttacted  to  O.laHence  it  k  so’-called  'fiut  dectron  cool- 
iBg'[4|.ki  19683imoa  van  der  Meer  proposed  stochastic 
cooling[3Lwhidi  played  an  extremely  important  role  in  the 
dkeovery  of  W  and  Z  bosoiis.So  he  was  awarded  1984 
Nbbd  Prise  for  |diysic44.Bnt  both  electron  and 
stochastic  cooling  were  so  slow  that  people  were  forced  to 
look  few  other  even  fiuter  cooling  method.In  1989 
H.Ibqpuni  proposed  the  cyclotron  maser  cooling[7],  which 


k  on  the  way  to  be  iBvestigated.HeBoe  it  k  still  ia  great  need 
of  looking  for  aa  uhm'-fastoodmg  method. 

D.B.Bdwards  and  M.J.Sy|diets  pointed  out*'8iBoe  x'  k 
not  the  conjugate  momentum  to  x,we  can't  make 
statements  about  phase  space  and  eBergy,bot  k  not  a  con¬ 
cern  at  pcesent'lSjHowever.that  k  not  the  case  in  nraMnear 
motion  Jn  order  to  distinguish  it  from  the  canonical  phase 
spaoe,we  call  the  x-x'  space  as  Coorant-Saydei(C-S) 
phase  space  or  the  emittane  phase  space  ia  thk 
paper.F  J.N.Wilson  pointed  out  that  Uouville's  theorem  in 
the  emittanoe  phase  space  k  Just  to  i»ove  that  the  corre¬ 
sponding  Jacobean  determinant  equab  nnity{9].It  k  worth 
pointing  out  that  the  emittaace  conservatkm  in  the 
aonlmear  case  has  imver  been  proved  exactly^dthou^  none 
ofexoeptkms  have  ever  been  found  out  ia  all  aoederators  or 
storage  linp  in  the  world  at  present.  Heaoe,tfik  problem 
has  never  been  made  any  progress  ia  several  decades. 

FoitBnatdy,in  the  nonlmear  case,we  have  found  out 
a  particular  static  magnetic  field  in  which  the  emittance 
conservation  k  not  true  any  longBr.so  the  transverse 
emittanoe  of  a  beam  with  constant  energy  will  be  shiinlnd 
rapidly.Of  cooise,that  k  distinguished  from  both 
adiabatic  and  synchrotron  radktion  daminng  arismg  from 
the  field  or  the  energy  diange.Snch  a  magnet  with 
ultra-fost  autonutic  cooling  can  be  treated  as 
a  'cookr'.which  can  be  used  to  aooelerators.storage  rinp 
and  so  on[10].  As  compared  with  the  stodiastic  cooling  or 
'fast  electron  cooling'.its  cooling  rate  k  mudi  more  rapid 
by  six  or  seven  orders  of  magnitude[10]Jt  k  technjcally 
simple  and  remarkably.  feasible.It8  application  fields  are 
much  mote  widespread  than  the  othets,espedalIy  to  the  fu¬ 
sion  device  of  the  continuous  electron  beam  with  intense 
current  and  so  on.[10] 

2.  THE  MOTION  IN  THE  MEDEAN  PLANE 
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That  is  the  enctly  analytical  sehtrien  of  the  atoiliiiMr 
auitioii  in  the  natmal  coocdliiate  syMem. 


Let  os  consider  the  motion  of  two  particles  with 

diOhrenily  initial  conditions,there  ate  two  invaiaints 

5ta(f+lf)-5/ii(f)-SiN(f,  +  lf,)-Sfii(f,)  (2.4) 

K-K, 

When  tte  particles  frmn  free  space  pass  duough  the 
mopcitif  fidd  ration,  by  means  of  the  transformation  from 
Gsttesian  ooofdmate  qrstem  to  the  natural  coordinate  set  of 
MAM  shown  in  Fig.l,the  solution  is  represented 

X.  -  { - -  (2.5) 


»*-  - 


•  [Co#(f^)+ jCj  •  S/iKf^)] 

sum^) 

Vl-5l«*(lf,) 


Figure  1.  Cartesian  and  natural  coordinate 


3.THE  PROOF  FOR  THE  COOLING 
According  to  the  frindamental  method  given  by 
F J.N.Wilson{9]4t  is  the  necemary  condition  for  the  cooling 
that  the  ctKsesponding  Jacobean  determinant  must  be  smal¬ 
ler  than  Hnity.By  means  of  diCTerentiating  the  above  fotmu- 
la,the  Jacobean  determinant  can  be  obtaiBed.Ftom 
the  above  formula  we  know 

IXj 

(3.1) 

Thea  wehave 

(3.2) 


/„  -ICc*(f^)-H*, .  SiiKf^)]-' 
•lCoi(f^)-h*;  ‘Sliid^)] 
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Whan  ««,  Tlwabov«fotBiiikibeooBM  ‘  X 

+  (3.3)  „aa  hr/ 


awea  onkn  of  matoiteide. 


1  /* 
1  —  X 

I 


Wtea  «c  ideA  the  pereiartiare  for  the  equiUbrium  orbit 
a  M  n  n  n  5m  .. 

2*6’  4’  3’  12  ®»*  "• 

9 

madz^  o  - 0.01  +  0.01  Radnii,the rewlu for  celculut  of  / 
ire  fflitttreted  in  Firgiire  2.That  tugsnt  UK 

l.The  Jioobeindelermiiuuit/  it  not  depaideat  on  the 
initiil  ooofdinnte  x,,batonx]. 

2Jt  is  only  when  x,  0  that  J  is  equal  to  l.By  other 
words,  it  is  only  when  the  beam  emittanoe  equals  zero  that 
sudi  emittanoe  can  reaDy  becomes  an  invariant  of 
motion.Therefoie4n  a  general  way.the  emittanoe  conserva¬ 
tion  is  not  true  any  longer. 

$ 

3  Jf  X,  y*  0,the  Jacobean  determinent  J  is  always  smaller 
than  1.  In  that  caae,aller  a  beam  passes  through  such  mag- 
nttic  Odd  region,  its  transverse  emittanoe  must  be  shtinked 
antomatically.That  results  in  the  ultrar-fost  automatic  cool- 
mg  for  the  beam. 

4. The  biggm  the  angular  width  of  the  bending  magnet 
iStthe  smaller  the  Jacobean  determinent  J  is. 

5.  The  decisive  factor  for  the  ultra-fast  automatic  cool¬ 
ing  is  only  dependent  on  the  proper  edge-focusing  angle  of 
the  bending  magnet  rather  than  the  field  distribution.The 
Moessaty  conditions  are  »  anther  than  the  field  distri- 
bation.The  necessary  conditions  ate  6^  ■■  a  and  the  two 
edges  of  the  bending  magnet  are  paraOel.Theiefore  it 
is  technically  simple  and  remarkably  feasible. 

6.  That  'cooler'  is  fitted  for  ions,electton,especially  for 
die  ultn-low  enogy  fields.It  can  be  used  to 
aoodmators,storage  rings  and  so  on. 

7.  Au  example  of  its  application  has  been  given  in  the 
fordicoming  paper[10].  As  compared  with  the  stochastic 
cotding  or  the  fhst  electron  cooling,  its  cooling  nte  is  much 


_  -0.1  0.0  0.1  ml 

Figure  2.  Jacobean  determinant  corres¬ 
ponding  to  the  nonlinear 
transformation  of  emittanoe 
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Mtimtf  MtiafiM  the  e^iatioo: 

Ttotoi^hMlfaMiitebilityof  nttaWt  low  BMOMottuo  ipwod 

k» b«M  is  fmtf  lolenB  today,  MpeeUfy  m  (2) 

Qoded  itoti^  rfaiSi.  StiMHty  oaadMooa  an  uaoally  *  2  d6 

fimaololad  aa  the  Uaaitotioiia  on  dw  allowod  value  of  beam- 

C^MHIIlb^f  UflpodtSO0ii*  Id  the  caae  cooled  beama,  Tbe  aolutian  of  (2)  ia  the  Gauaeian  dialribation  (unction: 

dioelIbctcrfcoolimcanaotboiMiglactodiftoacediafiateia 

coBByaiibio wiA  tbe  iwohitkio  frequency  apread.  Tbeeffiset  ^j(S)  >  — ilL — (3) 

ofdmetictwnoodingcaalmdeacribedby  BePdcIcer-Planck 
egnarian  In  tfaia  paper  we  preeent  a  amipio  amjytical  metbod 

to  deeive  diapefdon  relatim  (br  the  longitodinal  rnaeting  utee  o  »  (D/ZV*  is  the  rme  mnmfeitnm  quoad  of  the  beam 
beam  inatoWlitiee  mpf  a  pertnibadve  appwaeh.  Numerical  and  N  ie  a  number  of  pariielea.  One  can  now  deacribe  die 
nTiinplm  applied  to  45  MeVpiotona  in  the  lUgPcooliag  ring  perturbed  paitkle  diatribution  (unction  ac: 


am  pteeeoted. 

1.  INTRODUCTION 

The  intoraat  in  die  kmgitudiaal  atability  of  the  coaating 
cooled  ion  baame  waa  stimulated  by  the  mnnber  of 
pdblicariana  [1],  [2]  repotting  meaaured  atability  (dagtame 
aigoificaally  Afferent  (tom  what  one  could  expect  for  dw 
r  naadni  beama  with  Gauaeian  momentum  dtatribudona  in  the 
abaenre  of  any  coding  mechanism.  In  Ref.  P]  two  poeriUe 
reasons  of  dda  ediftrenoe  were  aingmetml'  devirtion  of  the 
momentum  ^tiibution  (tom  Oauarian  and  die  induence  of  dm 
electron  coding  <m  dm  coherent  ataliility  of  dm  ion  beam. 
Both  dm  non-Gauasian  diatribotiona  and  the  infloeaoe  of  dm 
coding  have  been  studied  elsewhere  p],  [4].  This  paper 
elaboratee  on  dm  derivation  of  cliqiersion  relatian  in  dm 
presence  of  codnig  in  dm  cloeed  anatsrdcal  form.  It  is  also 
oriented  towards  practical  qiplication  for  the  lUCF  cooler 
rhig. 


where  is  a  small  pertaibBdon  oi  dm  stationary  distribation 
ftmetkm,  n  ia  a  poeidve  integer  and  0  ia  dm  complex 
(toquancy  of  diis  coherent  pertmbation.  Let  us  now  assume 
that  is  normnlused  to  ^  munber  of  particles  mvdved  in 
the  perturbdion: 

f  f|(d)dd  -  Ni  • 

where  u,  is  tbe  revdutioo  (toqnenqr  of  dm  synduonous 
pardcle  rad  e  is  dm  ion  charge.  Takmg  into  account  dmt 

d  « 

g' s  ^  -  ***>^1^11  jifes-  oa 

B  ~  2nfB 


n.  IHSFERSION  RELATION 

whme  Z|  is  dm  longitudinal  coni^ii^  impedsnee,  E  is  dm 
A  Frffftrr-PImtk  E^utbm  snwgy  of  the  beam  and  j8  is  dm  usual  rdadviiric  parameter. 

The  mduence  of  dm  codii^  on  the  particle  datribution  (i)  i*  rewritten  to  the  first  mder  as: 

(bndioo  ^  era  be  described  by  the  Fdcker-PIaadE  equation 
14],  [5): 

(1) 

dt  dO  di  ddV  2  dd) 

Here  w  is  dm  revolution  fiequen^  of  the  partide  with 
Httud  -  s/(2iat)  is  dm  longitudinal coorrfinate,  i  m  momeiitiim  «:  u(t)  =  »M  -  ifi),  where  n  ia  the  phase  sUp 

the  coigivatemanieotom  variable  rad  r  is  dnm.  The  cooling  <«ctor  (9  ai  -  A»/(.^5). 
rate  X  and  (fifltaaion  coeffident  D  are  assumed  to  be  constrat 
int  (l).  For  coastii^  beams  dm  stadonary  distribution  rdation 

Since  vanirims  at  the  infinity,  dm  natural  way  to  solve 


d»,  ea>,f,Z||  d 
di  Inf^E  di 
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«qMtk»  (7)  it  by  the  Pouter  tniitfonB  mediod: 


reducu  to  (13). 


<{191. 


which  decrettei  the  uder  of  the  difleraottel  equatioa  (7)  ^ 
one.  The  tnoribnned  equatioa  cto  be  aolved  aiiii|)le 
iotegntioa.  lotrodueing  the  new  notatioat: 


«■ 


n«i-Q  nnou. 

’  -7“ 


the  diapertiao  lelatioa  can  be  written  m  follows: 


«/- 


29fF<^ilE  " 


' .  I  «. 


X  dx 


(10) 


where  /.  is  the  beam  current.  Equation  (10)  can  also  be 
expressed  in  analytical  fimn  as  [6]: 

1  =  iA^qlBiia,*ql  2) #(2;  ia,^q^2;  q,*)  <!« 

II 


where  A  is  pven  by: 


A  = 


(12) 


and  B(x,  y),  i(a;  y/  t;)  are  the  beta  fiinctioa  and  tbe 
degennate  h)rpeigeonietric  fonctim  respectively. 

C.  AsynqMotic  Bduvior 

In  the  case  of  vanishing  cooling  (X  -»  0)  the  diqiersion 
relatioa  (10)  has  to  become  the  well-known  diqmrion  relatim 
for  a  Gaussian  beam  widiout  cooling,  hi  (act,  recalling  that 
the  ratio  ajq^  remains  finite,  aftu  some  algebra  one  can 
write: 


1  - 


Z,  iQ-Ho\ 

- •- 

n  \nqaa. 


(13) 


wbue  J(uJ  is  given  by  the  eiqiression: 


y(«J  -  f e'^****’xdx  -  —  f  -^«-’*l*du  (14) 

•  J  przJ  u-u. 


Anodier  limitiiig  case  is  die  crdierent  perturbation  widi  a 
high  harmonic  nunfoer  (n  -•  w).  This  case  is  almost  identical 
to  the  previous  one.  Cooling  is  too  "slow*  for  such 
oacilladons  and  the  only  stabilizing  medianism  is  Landau 
damping.  Fbr  high  harmonic  numbers  the  dispersion  reladon 


D,  Stability  Diagram 

Figure  1  riio«rs  the  stri^Qr  diagiams,  calculated  using 
Eq.  10,  for  tbe  first  three  harmonics  of  a  proton  beam 
(45  MeV)  in  the  lUCF  coolu  ring.  The  cooling  rate  was 
taken  to  be  70  Hz  [7]  and  momentum  spread  4■l(^^  The 
stability  diagram  for  die  Gaussian  beam,  given  by  (13),  is  also 
shown  on  Fig.  1. 


Figure  1.  Variations  of  the  stability  diagram  with  harmonic 
aumbo'  (q^  -2.5)  for  die  cooled  beam  and  stal^ty  diagram 

for  the  Gaussian  beam  widiout  cooling. 


m.  SCHOTIKY  SPECTRUM 

The  dielectric  permeability  foncdrm  of  die  beam 
correqionding  to  die  dispersion  relation  (10)  can  be  writtoi  as: 

=  1  -  M  ^ dx  <1^ 


For  a  given  n,  equatioa  (10)  yidds  tbe  frequoKty  (generally 
conqilex)  at  which  a  perturbation  can  exist  in  the  beam  without 
an  external  source.  For  vanishing  inqiedaiice  or  current  the 
effect  of  polarization  of  the  medium  is  negligibie  and  we  have 
s,  =  I.  The  Schottlty  noise  power  spectrum  then  can  be 
written,  using  die  didectric  function  [1]: 


PjiO)  = 


e*  N 


It  H 


(16) 


The  main  feature  of  this  Sdiotdty  qiectrum  is  that  at  hi^ 
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tm  inlaafitiM,  it  it  •troogiy  deformed  into  e  douUe-fwek 
qw  [8],  correepondiag  to  tbe  excitatkm  of  the  slow  and  the 
It  oohweiit  kngitiHfoial  waves  by  die  extonal  electric  fidd 
by  beam  cunent  ftaduationa.  The  frequency  of  this  wave 
panda  solely  upon  the  beam  current  and  the  value  of 
u^ing  impedance.  AMkmi^  it  is  gennally  a  nontrivial 
obiem  to  calculate  die  coiqding  impedance,  one  can  make 
Monahle  assumptions  for  the  low  energy  electron-cooled 
ige.  Kist,  aaaume  that  |/mZ|/n|  >  |iteZ|/pt|  and  second. 
It  ZfM  is  independent  of  hannonic  number  n.  These  two 
nim^ons  correspond  to  the  case  of  space-char^  dominated 
petfamce,  given  by: 


me  Z,  s  377  0,  a  and  b  are  diameters  of  the  beam  and 
ciium  chandm  reflectively.  For  the  lUCF  cooler  ring  at 
:  MeV  eiqnession  (17)  gives  |  Im  Z^/n  |  «  d  kO,  whereas  the 
il  part  of  die  inqiedance  (resistive  wall  and  broad-band)  is 
pically  less  than  5  0  for  any  hamxMiic.  Having  made  these 
ninqitions  and  neglecting  the  momentum  spread  of  the 
am,  we  can  obtain  for  the  cdierent  frequencies  in  the 
sence  of  the  cooling: 


IkQ  =  Q-no^  = 


•o'.  I“’lf 


2xfi*E\ 


to 


(18) 


M  can  notice,  that  the  value  of  AO/nw.  is  independent  on  n. 
lis  can  be  also  seen  direcdy  from  (13)  after  some  algebraic 
insformadons.  For  a  cooled  beam  this  is  no  Icmger  true.  In 
:t,  the  deviation  of  AO/nw,  from  a  constant  value  for 
(ferent  hammiics  is  the  easiest  way  to  observe  the  influence 
the  cooling  cm  coherent  stability.  Fig.  2  shows  the 
fuency  for  coherent  oscilladons,  given  by  (18)  as  well  as 
9  frequmcy  in  the  presence  of  cooling  for  a  O.S  mA,  45 
eV  proton  beam  in  the  lUCF  cooler  ring. 


3  4  5 

Harmonic  number 

gore  2.  Frequency  of  coherent  oscillations  as  a  function  of 
rmonic  nunriier  for  the  beam  with  Gaussian  monmitum 
rtribudm  in  the  absence  (x’s)  and  in  the  presoice  (Q’s)  of 
oling. 


IV.  CONCLUSION 

We  have  calculated  die  dispersion  rdadon  for  cooled 
coasting  beams.  The  influence  of  die  cooling  on  the  coherent 
beam  stability  can  be  observed  by  measuring  the  sqianUion  of 
the  two  coherent  peaks  in  die  Schotdcy  spectrum  as  a  functimi 
of  harmonic  number.  The  momentum  distribution  function  of 
the  beam  can  be  deduced  from  the  sluqie  of  the  Schottky 
power  spectrum  using  (16).  Beam  transfer  function 
measuremmts  [1]  can  be  also  performed  to  obtain  stability 
diagrams  directly. 

V.  ACKNOWLEDGMENTS 

We  would  like  to  thanlr  S.Y.  Lee,  D.V.  Pestrikov  and 
T.  ^son  for  useful  discussions.  We  also  would  like  to  point 
out  that  the  Fokker-Planck  approach  for  the  dectron  cooled 
beams  was  initially  develr^ied  by  D.V.  Pestrikov  in  Ref.  [4], 
[8]. 

VI.  REFERENCES 

[1]  I.  Hofmann,  *Beam  dynamics  of  cooled  heavy  ion 
beams”,  Coirference  Record  of  the  1991  IEEE  Partide 
Accelerator  Cotference,  Vol.  4,  pp.  2492-2496. 

[2]  J.  Bosser  et  al.,  "Electron  beam  cooling  and  beam 
instabUity  studies  at  LEAR”,  CERN/PS  92-45(AR), 
1992. 

[3]  S.  Cocher  and  I.  Hofmaim,  the  stability  and 
diagnostics  of  heavy  ions  in  storage  rings  with  high 
phase-space  density”,  Partide  Accelerators,  1990, 
Vol.  34,  pp.  189-210. 

[4]  D.V.  Pestrikov,  ”The  longitudinal  Schottky  noise  of 
intense  beam”.  Proceedings  of  the  Workshop  on 
Electron  Cooling  and  New  Cooling  Tedmiques, 
Legnaro,  Padova-Italy,  15-17  May,  1990,  pp.  165-180 

[5]  H.  Risken,  ”The  Fokker-Planck  ^uadmi”, 
2nd  edition,  Springer-Verlag,  1989,  p.  7. 

[6]  I.S.  Gradshteyn  and  I.M.  Rydiik,  ”Titole  of  Integrals, 
Series,  and  Products”,  New  York:  Acartemic  Press, 
1980,  p.  318,  formula  3.383.1 

[7]  Tim  Ellison,  "Electron  cooling”,  Ph.D.  Thesis, 
Indiana  University,  1990,  p.  77. 

[8]  V.V.  Parkhomchuk  and  D.V.  Pestrikov,  Sov.  Phys. 
Tech.  Phys.,  Vol.  25(7),  p.  818  (1980). 


3526 


Crystalline  Beam  Ground  State* 
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Ahatraci 

In  order  to  employ  Molecular  Dynamics  method,  com¬ 
monly  used  in  condensed  matter  physics,  we  have  derived 
the  equations  of  motion  for  a  beam  of  charged  particles 
in  the  rotating  rest  frame  of  the  reference  particle.  We 
include  in  the  formalism  that  the  particles  are  confined 
by  the  guiding  and  focusing  magnetic  fields,  and  that  they 
are  confined  in  a  conducting  vacuum  pipe  whUe  interacting 
with  each  other  via  a  Coulomb  force.  Numerical  simula¬ 
tions  has  been  performed  to  obtain  the  equilibrium  struc¬ 
ture.  The  effects  of  the  shearing  force,  centrifugal  force, 
and  azimuthal  variation  of  the  focusing  strength  are  inves¬ 
tigated.  It  is  found  that  a  constant  gradient  storage  ring 
can  not  give  a  crystalline  beam,  but  that  an  alternating- 
gradient  (AG)  structure  can.  In  such  a  machine  the  ground 
state  is,  except  for  one-dimensional  (1-D)  crystab,  time- 
dependent.  The  ground  state  is  a  zero  entropy  state,  de¬ 
spite  the  time-dependent,  periodic  variation  of  the  focus¬ 
ing  force.  The  nature  of  the  ground  state,  similar  to  that 
found  by  Rahman  and  Schiffer[l],  depends  upon  the  den¬ 
sity  and  the  relative  focusing  strengths  in  the  transverse 
directions.  At  low  density,  the  crystal  is  1-D.  As  the  den¬ 
sity  increases,  it  transforms  into  various  kinds  of  2-D  and 
3-D  crystals.  If  the  energy  of  the  beam  is  higher  than  the 
transition  energy  of  the  machine,  the  crystalline  structure 
can  not  be  formed  for  lack  of  radial  focusing. 

I.  INTRODUCTION 

The  ground  states  of  crystalline  beams  were  first  stud¬ 
ied,  in  seminal  work,  by  J.  Schiffer[l]  and  his  colleagues. 
Their  work  assumed  a  storage  ring  model  in  which  particles 
are  subject  to  time-independent  hannonic  forces  in  both 
transverse  directions.  Subsequently,  they  studied  the  crys- 
tallizati(»i  in  a  time-dependent,  AG  focusing  potential.[2] 

In  order  to  employ  Molecular  Dynamics  method  for 
quantitative  studies,  we  first  derive  in  section  2  the  equa¬ 
tions  of  motion  for  the  particles  in  the  rotating  rest  frame 
of  the  reference  particle.  '  Qualitative  studies  pertsuning  to 
the  crystallization  in  the  weak  and  AG  focusing  rings  are 
presented  in  section  3.  Section  4  describes  the  molecular 
dynamics  calculation  and  the  numerical  results. 

II.  ROTATING  BEAM  FRAME  HAMILTONIAN 

The  motion  of  the  particles  under  Coulomb  interaction 
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and  external  electromagnetic  (EM)  forces  can  be  most  con¬ 
veniently  described  in  the  rotating  rest  frame  (x,p,  z,r)  of 
the  reference  particle  of  which  the  orientation  of  the  axes 
are  constantly  aligned  to  the  radial  (z),  tangential  (z)  and 
vertical  (y)  direction  of  the  motion,  and  r  is  the  proper 
time.  The  equations  of  motion  are  derived  using  the  gen¬ 
eral  relativity  formalism.  First,  we  express  the  equations 
of  motion  in  a  general  tensor  formalism  applicable  to  any 
arbitrary  coordinate  system.  The  Loientz  force  experi¬ 
enced  by  the  particle  is  constructed  as  a  product  of  the 
EM  field  tensor  and  the  four-velocity.  Starting  from  the 
laboratory  frame,  the  EM  field  tensor  is  written  by  means 
of  the  components  of  the  EM  fields.  Then,  tensor  algebra 
is  used  to  transform  this  field  tensor  into  the  rest  frame. 
With  a  similar  transformation,  the  metric  tensor  of  the 
rest  frame  is  also  obtained.  The  equations  of  motion  and 
the  Hamiltonian  can  thus  be  constructed  in  the  rest  frame. 

Consider  the  case  that  the  beam  is  guided  by  a  bending 
field  Bo,  and  focused  by  a  quadrupole  field  of  gradient  Bi 

Bg  =  B\y,  By  —  Bo-\-Biz,  Bx  =  0,  (1) 

where  the  magnet  end  effect  is  neglected.  Assume  that 
there  exists  no  electric  field  so  that  the  beam  is  not  fo¬ 
cused  azimuthally.  The  magnitude  of  Bo  is  determined 
by  the  velocity  ^c  and  the  bending  radius  R  of  the  refer¬ 
ence  particle  eBoR  =  moc^fiy.  Let  n  =  —BiR/Bo  repre¬ 
sent  the  strength  of  the  focusing  field.  The  Hamiltonian 
R{x,Px,y,Py,z,Pf',t)  o{  the  particle  system  is  derived  as 

H=\  {Pi  +  Pi  +  Pl)-yxP,+^  [(1  -  n)i2  +  ny2]+Vfc, 

(2) 

where  Vc  is  the  Coulomb  potential,  the  time  f  is  in  unit 
of  R/^yc,  the  space  coordinates  x,y,z  are  in  unit  at  ( 
(C  =  with  ro  =  c*/moc^),  and  the  energy 

is  in  unit  of  Here,  ^  is  a  characterization  of  the 

inter-particle  distance  in  the  presence  of  Coulomb  interac¬ 
tion.  The  equations  of  motion  are  given  by  the  Hamilton’s 
equations. 

in.  CONDITIONS  FOR  CRYSTALLIZATION 

In  a  weak-focusing  machine,  the  constant  n  provides 
pure  focusing  (and  defocusing)  in  the  vertical  (and  ra¬ 
dial)  direction.  Typically,  radial  (or  horizontal)  focusing 
emerges  from  the  difference  in  the  centrifugal  forces  expe¬ 
rienced  by  the  particles  of  different  radial  displacements. 
Among  particles  of  the  same  energy,  the  difference  in  the 
centrifugal  force  always  focuses  the  particles  towards  the 
reference  orbit.  The  effective  radial  focusing  is  1  —  n,  and 
^''U'<  if  0  <  n  <  1,  there  is  focusing  in  both  planes. 
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The  situation  becomes  different  when  the  beam  is  crys¬ 
tallized.  In  the  ground  state,  particles  circulate  around 
with  the  same  angular  velocity.  Contrary  to  the  con¬ 
ventional  case,  the  centrifugal  force  provides  a  defocusing 
force.  Using  the  equations  in  the  rest  frame,  it  has  been 
proven  in  general  that  crystalline  beam  can  not  exist  in 
any  dimension  in  a  weak-  focusing  machine. 

In  the  case  of  AG  focusing,  however,  the  amount  of  mag¬ 
netic  net  focusing  can  easily  prevail  over  the  centrifugal 
defocusing  caused  by  crystallization.  Qualitatively,  the 
conditions  of  crystallization  can  be  estimated  using  the 
smooth  ^proximations.  Consider  a  ring  consisting  of  Ne 
identical  lattice  cells.  In  the  rest  frame,  the  potential  pro¬ 
duced  by  the  external  magnetic  field  varies  periodically 
with  period  Tc  =  in  the  reduced  unit.  The  equi¬ 

librium  state  is  defined  as  the  one  when  the  motions  of 
all  the  particles  are  periodic  in  Tf  After  linearizing  the 
Coulomb  force  by  expanding  around  the  equilibrium  or¬ 
bit  ixj,yj,Zj)  of  each  particle  t,  the  transverse  equations 
become 


where  Uj  is  the  distance  between  t  and  j,  and  Ut  and  Vy 
are  the  horizontal  and  vertical  tunes  in  the  absence  of  the 
Coulomb  interaction.  Similar  to  the  weak  focusing  case, 
the  crystal  can  only  exist  when  the  effective  transverse 
focusing  is  sufficiently  strong  i.e.  i/J  >  7^  and  Uy  >  0. 
Since  typically  i/f  »  77 ,  it  is  implied  that  the  AG  machine 
has  to  operate  below  the  transition  energy. 

When  the  particle  density  is  low,  the  equilibrium  state 
is  a  1-D  chain  where  ail  the  particles  are  aligned  along  the 
X  =  y  =  0  axis  and  uniformly  distributed  in  z.  As  the 
density  increases,  it  transforms  into  2-D.  If  the  net  radial 
focusing  is  weaker  (or  stronger)  than  the  vertical  one  i.e. 

7^  <  Vy  (or  >  Uy),  the  2-D  structure  lies  in  the 

horizontal  (or  vertical)  plane.  As  the  density  is  increased 
further,  the  equilibrium  state  eventually  becomes  3-D. 

To  estimate  the  threshold  density  at  which  the  1-D  crys¬ 
tal  becomes  2-D,  consider  a  1-D  crystal  chain  with  the 
nearest-neighbor  azimuthal  distance  A^.  The  vibrational 
frequencies  Uxi^)  in  x  direction  can  be  expressed  as 


1  2 

A3  ^ 


(A) 

m3  ’ 


where  k  is  the  crystal  momentum.  Apparently  Ux{k)  takes 
its  minimum  at  k  =  x,  which  corresponds  to  two  neighbor¬ 
ing  particles  moving  in  the  opposite  direction.  The  transi¬ 
tion  from  1-D  to  2-D  occurs  in  z  direction  at  the  A^  value 
where  the  smallest  ufx{k)  becomes  imaginary.  Therefore, 
in  the  case  that  Vg-y^<Vy,  the  condition  for  a  stable  1-D 
crystal  is  given  by  the  equation 

ul-y^>4.2/Al  (5) 


IV.  MOLECULAR  DYNAMICS  RESULTS 

When  Coulomb  interaction  and  AG  focusing  are  present, 
it  is  impossible  to  solve  the  Hamiltonian  in  Eq.  2  an¬ 
alytically.  We  therefore  seek  numerical  solutions  using 
molecular  dynamics.  Since  the  Coulomb  interaction  is 
long  ranged,  an  Ewald-type  summation  has  to  be  per¬ 
formed  to  calculate  the  energy  and  the  forces.  Rahman 
and  Schifferfl]  used  periodic  boundary  conditions  in  all 
three  directions  in  order  to  utilize  the  standard  Ewald  sum¬ 
mation  method.  However,  in  a  realistic  accelerator,  the 
system  may  be  considered  infinite  only  in  z  direction.  Also, 
the  infinitely  long  collection  of  positively  charged  particles 
give  a  logarithmically  diverging  energy.  In  general,  a  neg¬ 
atively  charged  background  has  been  added  to  the  system 
to  cancel  this  infinity.  To  simulate  a  real  accelerator,  we 
consider  instead  a  bunch  of  charged  particles  confined  in 
a  perfectly  conducting,  infinitely  long  pipe.  The  periodic 
boundary  condition  is  used  only  in  the  z  direction,  where 
the  “super cell”  of  length  L  (in  unit  of  ()  repeats  itself 
to  infinity.  The  energy  0(xj,Xj)  due  to  two  particles  at 
Xi  and  Xj,  after  all  the  image  charges  and  equivalents  in 
other  supercells  are  included,  is 

J_  4  coshi2ziik/L)M2piik/L)-l 
rij  L  Jo  exp(2t)  -  1 

+  j[\og{xh/ L)  +  C],  (6) 

where  zy  =  -  Zj,  py  =  y/l(xi  -*>)*-»- (i«  -  y,)*), 

is  the  radius  of  the  pipe.  The  conditicm 
pij  «  6  is  used  and  Zij  is  understood  to  be  between  —  L/2 
and  L/2.  Apart  from  the  last  term  which  is  an  unimpw- 
tant  constant,  Eq.  (6)  is  the  same  as  the  formula  given  by 
Avilov[4],  but  the  physical  environments  are  different. 

The  integration  in  Eq.  (6)  is  performed  by  a  15th  or¬ 
der  Gauss-Laguerre  method.  The  equations  of  motion  is 
integrated  by  the  4th  order  Runge-Kutta  algorithm.  The 
storage  ring  is  assumed  to  consist  of  10  identical  FODO 
cells.  Within  each  cell,  the  lengths  of  the  F,  O,  D,  and 
O  elements  are  assume  to  be  15%,  35%,  15%,  and  35%  of 
the  cell  length,  respectively.  The  focusing  and  defocusing 
gradients  n  are  set  to  be  50  and  —50,  respectively.  This 
2trrangement  results  in  i/,  =  2.7,  Vy  =2.3,  and  77  is  about 
2.5.  7  is  set  to  1.4.  The  time  step  for  the  integration  is 
1/20  of  the  period  Tc  of  the  focusing  field. 

Notice  that  the  Hamiltonian  we  are  solving  is  time  de¬ 
pendent,  therefore  the  total  energy  is  not  a  constant  of 
motion,  and  the  “temperature”  as  conventionally  defined 
is  no  longer  meaningful.  Initially,  the  positions  and  mo¬ 
menta  of  the  particles  are  randomly  chosen.  At  the  end 
of  each  FODO  period,  a  periodic  condition  is  imposed 
on  all  positions  and  momenta.  The  “drifting  velocity” 
Vx  =  [z(7’e)  — z(0)]/Tc  is  then  subtracted  from  F,  for  each 
particle  to  correct  “shearing”  in  the  beam.  Our  experi¬ 
ence  shows  that  this  is  a  very  effective  method  to  “cool” 
the  system  down  to  reach  the  ground  state. 

Here,  we  report  the  preliminary  results  with  L  =  10  and 
number  of  particles  N  in  the  supercell  ranging  from  5  to 
100.  When  W  =  5,  the  crystal  is  1-D,  and  does  not  change 
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with  time  in  spite  of  the  change  of  the  focusing  force. 
When  N  =  10,  the  crystal  is  2-D  —  a  zig-zag  chain  in 
the  x  —  z  plane.  The  reason  that  the  crystal  is  in  the  x  —  z 
plane  instead  of  the  y—z  plane  is  because  of  the  relatively 
stronger  vertical  focusing.  Now  the  particles  move  with 
time  —  a  symmetrical  breathing  in  x  direction.  The  crys¬ 
tal  transforms  from  1-D  to  2-D  when  N  goes  from  8  to 
9. 

With  the  current  lattice  and  beam  energy,  the  critical 
density  at  which  the  crystal  transforms  from  2-D  to  3-D 
is  approximately  twice  that  from  1-D  to  2-D.  It  is  trivial 
to  change  the  parameters  in  the  simulation  as  well  as  in  a 
real  accelerator  so  that  these  effective  focusing  strengths 
are  different,  and  therefore  the  crystal  remains  2-D  at  a 
much  higher  density. 

Fig.  1  show  the  plots  for  N  =  40.  The  crystal  is  3-D. 
Basically  the  particles  form  elliptical  cylinders.  They  fall 
on  ellipses  when  projected  onto  the  x  —  y  plane,  and  form 
spirals  on  the  cylinders.  At  lower  densities  (e.g.  N  =  AQ), 
one  cylinder  is  formed,  but  at  higher  densities  (e.g.  N  = 
60),  a  second  one  is  formed  in  the  center. 

Many  of  the  features  discussed  above  are  similar  to  those 
found  by  Schiffer  ei  a/.  [1,5]  with  static  focusing  and  with¬ 
out  the  shearing  force.  However,  the  ground  state  we  found 
is  time  dependent  .  The  shape  of  the  crystals  and  the  po¬ 
sition  of  the  particles  are  both  periodic  in  time.  The  foci 
of  the  ellipses  move  as  functions  of  time,  and  the  principal 
axes  can  be  either  the  x  or  the  y  axis.  To  show  the  dra¬ 
matic  change  of  the  crystal  shape  in  one  period  of  time, 
we  take  =  60  as  an  example  and  plot  four  snap  shots 
of  the  particle  positions  (projected  onto  the  x  —  y  plane) 
in  Fig.  2.  The  particles  move  as  much  as  one  hundred 
percent  of  their  coordinates  in  the  x  —  y  plane  and  then 
all  move  back  to  their  previous  locations  after  one  period. 
The  crystal  “breathes”  transversely  with  no  drifting  and 
almost  no  oscillation  in  z. 

V.  CONCLUSION 

We  have  studied  the  ground  state  of  a  crystalline  parti¬ 
cle  beam  under  time-dependent,  realistic  storage  ring  en¬ 
vironment.  The  equations  of  motion  for  the  particles  are 
derived  in  the  rest  frame  of  the  reference  particle  that  cir¬ 
culates  around  the  ring  with  constant  velocity.  It  has  been 
shown  that  in  a  weak- focusing  storage  ring,  the  crystalline 
beams  can  not  be  formed  for  lack  of  transverse  focusing. 
In  an  AG  focusing  ring,  on  the  other  hand,  the  crystalline 
beams  can  exist  in  spite  of  the  variation  in  the  focusing 
strengths,  as  long  as  the  energy  of  the  beam  is  less  than 
the  transition  energy  of  the  machine.  If  7  is  higher  than 
77-,  the  crystalline  structure  can  not  be  formed  for  lack  of 
radial  focusing. 

The  quantitative  investigation  is  performed  using  the 
molecular  dynamics  method.  The  ground  state  is  obtained 
by,  at  the  end  of  each  focusing  period,  impo  'ng  the  pe¬ 
riodic  condition  on  all  the  positions  and  me  inta  of  the 
particles  and  then  subtracting  the  “drifting  velocity”  from 
the  z  component  P,  of  the  canonical  momentum  for  each 
particle. 


The  nature  of  the  crystalline  beaun  is  determined  by 
the  density  of  the  particles  and  the  effective  strengths  of 
the  transverse  focusing.  When  the  density  is  low  so  that 
Eq.  5  is  approximately  satisfied,  the  beam  is  a  1-D  crystal. 
When  the  density  is  increased,  the  crystal  becomes  a  2-D 
zig-zag  chain  in  the  plane  of  relatively  weaker  transverse 
focusing.  The  critical  density  at  which  the  crystal  trans¬ 
forms  from  2-D  to  3-D  depends  on  the  ratio  of  the  effective 
focusing  strengths  between  raulial  and  vertical  directions. 
In  both  2-D  and  3-D  cases,  the  time-dependent  crystalline 
structure  has  the  same  periodicity  as  that  of  the  focusing 
forces.  The  crystal  “breathes”  transversely  with  no  shear¬ 
ing  and  almost  no  oscillation  in  the  aizimuthal  direction. 
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Fig.  1  Particle  positions  for  N  =  40.  (a)  Projected  onto 
the  x—y  platne.  (b)  The  <^z  plot  {4>  is  the  polar  angle). 
Circles  are  the  positions  at  beginning  and  end  of  the 
focusing  period.  Solid  lines  are  the  trajectories  within 
one  period. 


Fig.  2  Snap  shots  of  the  particle  positions  (projected  onto 
the  x—y  plane)  in  one  time  period  for  N  =  60  (20  time 
slices  per  focusing  period). 
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Confinement  and  Stability  of  a  Crystal  Beam* 
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Abstract 


n.  THE  RECTANGULAR  MODEL 


The  following  is  an  analysis  of  die  confinement  and  sta¬ 
bility  issues  (tf  a  Crystal  Beam.  A  meibod  is  described  to  deter¬ 
mine  the  equilibrium  configuration  of  a  beam  of  highly 
chafed  particles.  It  is  required  that  the  beam  has  a  uniform 
distribute  in  the  direction  of  motion,  whidi  is  stable  and  does 
not  need  therefore  confinement  with  external  means.  It  is 
shown  diat  this  can  be  obtained  only  for  a  relatively  longitudi¬ 
nally  compact  beam.  Confinement  in  the  plane  transverse  to 
the  direction  of  modem  is  obtained  with  external  means,  which 
also  provide  stability.  It  is  important  diat  particles  are  distrib¬ 
uted  so  that  the  resulting  space  charge  forces  are  linear  widi 
reflect  to  the  particle  transverse  coexdinates. 

1.  INTRODUCTION 

A  Crystal  Beam  [1-3]  is  an  ensemble  of  charged  parti¬ 
cles,  all  identical  to  each  other,  with  the  same  electric  charge 
Qe  and  mass  at  rest  Am,  where  e  is  the  electron  charge  and  m 
die  i»Dion  mass  at  rest  The  charge  slate  Q  and  mass  number  A 
are  integer.  Particles  are  treated  point-like,  with  no  internal 
structure.  Oidy  interaction  among  each  other  is  the  electromag¬ 
netic  interaction.  It  is  assumed  that  there  is  an  equilitHium  ctm- 
figuration  where  particles  occupy  a  rigid  position  with  respect 
to  eadi  other  while  all  together  move  in  one  direction.  Particles 
are  allowed  to  oscillate  around  their  equilibrium  positions  as 
long  as  the  anqilitude  of  the  oscillations  is  small. 

Confinement  and  stability  questions  are  best  described 
with  the  rectangular  and  infinite  Crystal  Beam  model  which  is 
mtroduced  in  section  II.  We  consider  next  the  case  of  a  cylin¬ 
drical  beam,  infinitely  long  in  the  longitudinal  direction,  but 
having  finite  transverse  dimensions.  Section  ni  defines  this 
beam,  whereas  section  IV  discuss  the  requironent  for  the  lon¬ 
gitudinal  stability  and  section  V  and  VI  the  confinement  and 
sudnlity  respectively  in  the  transverse  plane.  It  is  seen  that,  in 
order  to  keq>  the  buun  confined  transversely,  a  magnet  with  a 
profile  providing  focussing  simultaneously  in  both  transverse 
directions  is  required.  This  could  be  the  case  of  a  Betatron 
magnet  The  field  ^file  is  also  required  to  maintain  die  beam 
stable  against  transverse  oscillations.  Since  the  external  restor¬ 
ing  force  is  linear  with  the  particle  transverse  coordinates,  it  is 
also  impwtant  diat  the  equilibrium  configuration  places  parti¬ 
cles  in  such  a  way  that  the  resulting  space  charge  forces  are 
also  linear. 

Section  Vn  defines  quantitatively  the  limits  of  the  beam 
spreads  in  meunenta  as  evidence  of  crystallization.  Finally  sec¬ 
tion  VIII  is  an  analysis  of  the  effects  introduced  by  the  inser¬ 
tions  of  drifts.  The  resulting  storage  ring  lattice  is  to  show 
stalnlity  at  the  two  extremes;  when  the  space  charge  is  ignored 
and  for  the  final  state  of  the  Crystal  Beam. 


*  Work  performed  under  the  auspices  of  U.S.  IX)E 


The  number  of  particles  is  inTinite.  They  all  move  with 
the  same  velodty  in  die  same  direetkm.  Particles  are  unifixmly 
disiribuied,  extending  to  infinity  in  all  three  dimensiixis.  They 
are  equally  spaced  from  each  other,  sitting  at  the  knots  of  a 
rectangular  grid  with  step  size  in  the  longitudinal  direction 
and  X.X  in  the  plane  transverse  to  it.  The  field  experienced  by  a 
particle  is  the  sum  of  all  die  fields  gmierated  by  the  other  parti¬ 
cles.  Because  of  the  symmetry  arrangement,  the  field  is  the 
same  for  all  particles  and  identically  equal  to  zero.  Thus  there 
is  no  interaction  between  particles  and  they  are  perfectly 
screened  fiom  each  other.  This  is  an  equilibrium  configuration 
which  obviously  does  not  need  to  be  confined  with  extonal 
fixees. 

To  determine  if  this  configuration  is  also  stable,  we  add  a 
longitudinal  perturbation  of  motion  [3]  to  any  particle  and  cal¬ 
culate  the  resulting  field.  For  a  small  perturbation,  after  linear¬ 
izing  the  field  expression,  we  obtain  that  die  particle  perturbed 
performs  longitudinal  oscillations  with  angular  frequency 
given  by 


where  ws  and,  with  >  =  (i\,h,h\ 


-  72^ 


(2) 


A  similar  result  is  obtained  when  a  transverse  perturba¬ 
tion  is  added.  The  resulting  angular  fiequency  ^  ^ 
expression  of  Eq.  (1)  but  the  response  function  gnCw)  is 
replaced  by  gx^w)  =  -  ggCw)  /  2.  Stability  requires  that  both  g| 
.Old  gx  ^  positive;  this  carmot  be  satisfied  at  the  same  time. 
We  choose  g|  >  0,  so  that  the  beam  is  stable  longitudinally,  and 
let  the  beam  to  be  unstable  in  die  iransvmrse  plmie.  An  extmial 
restoring  force  is  then  required  to  recover  the  beam  stability 
also  in  the  transverse  plane.  The  condition  g|  >  0  is  satisfy  fix 
w<  1,  that  is  fix  a  longitudinally  (XHiqiactbemii. 


m.  THE  CYLINDRICAL  MODEL 


We  continue  assuming  an  infinitely  long  beam  but  widi  a 
more  realistic  finite  cross-section.  Particles  are  still  unifixmly 
distributed  in  the  longitudinal  direction,  where  they  are  sqxi- 
rated  again  by  the  period  so  that  no  confinemoit  is  required 
and  the  motion  is  stable  in  that  direction.  We  assume  there  is 
an  equilibrium  configuration  where  the  beam  is  made  of  a 
numter  of  shells  of  elliptic  cross-sections  of  the  same  aqiea 
ratio.  Each  shell  is  made  of  %  particles  equally  spaced  by  the 
same  angle  0  =  2k  In/,.  The  iimeimost  shell  is  a  string  where 
the  particles  are  align^,  equally  spaced,  on  the  beam  axis. 
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It  can  be  seen  that  the  longitudinal  component  of  the 
fidd  vanishes  identically,  whereas  the  transverse  componem  is 
lero  on  the  beam  axis  and  increases  in  amplitude  toward  the 
edge  of  the  beam.  Its  magnitude  and  direction  is  independent 
on  the  longitudinal  position  along  the  beam.  In  the  limit  a 
large  number  Af  particles  distributed  over  a  length  L,  md  for 
around  beam  of  radius  b,  the  transverse  field  is  actually  linear 
with  the  distance  r  from  the  beam  axis  [4],  that  is 

£x  «  IQeNrtLb^  =  kr  (3) 

as  long  as  the  i-tb  shell  is  located  at  the  radius  h,  s  b  In 
particular  the  string  has  vanishing  radius,  that  is  ho  *  0. 

Clearly  this  configuration  needs  to  be  confined  with 
transverse  external  restoring  forces,  also  linear. 

IV.  LONGITUDINAL  STABILITY 

As  for  the  previous  nuxtel,  we  determine  the  longitudinal 
stability  by  adding  a  small  longitudinal  perturbation  to  the 
motion  of  any  particle.  After  linearizing  the  field  expression, 
we  derive  that  the  particle  performs  longitudinal  oscillations 
with  angular  frequency  Do  given  by 


where  now  w  ^  n,  /  and  ( i  =  0, 1, .... ) 


giM  =  Ij^i 


2w^h^-  i  -  j\  +  IslWi  cos{%j2) 

[»  +  ;i-  2^cos(ej2)  + 


In  order  for  the  beam  to  be  stable  against  longitudinal 
perturbations  it  is  required  that  g||(M’)  >  0,  that  is  the  compact¬ 
ness  parameter  w  is  to  be  less  than  a  limiting  value  which 
depends  on  die  number  n,  of  shells  and  on  the  separation  angle 
6.  For  instance  [3],  for  a  single  shell  w  <  1.9  0  and  for  ten 
shells  w  <6.00. 


V.  TRANSVERSE  CONFINEMENT 


Let  us  consider  the  motion  of  the  i-th  particle  in  the 
transverse  plane  by  adding  a  radial  perturbation  [3].  We  shall 
still  assume  a  round  beam,  for  simplicity.  Its  position  can  be 
written  as  The  equation  of  motion  can  be  written  as 

follows 


ffiArj  =  QeEjfrj) 

=  Ge£,<r<x)  +  Qe  dE^r^ldri  I  «  +  ...  (6) 

irfli 

=  mAfQi  +  mAii 

where  £,•  is  the  field  acting  on  the  particle.  This  can  be  broken 
down  into  two  equations 

mAroi  =  QeE,iroi)  (7) 


The  field  is  made  of  two  contributions;  the  i/aemal,  dot 
to  the  beam  im>per,  and  the  equivalent  external  doe  to  the 
restoring  forces.  In  particular, 

Ei  »  (*  -  W  roi  (9) 

where  k  is  given  by  Eq.  (3)  and  coneqxmds  to  the  restor¬ 
ing  forces. 

The  following  confinement  condition  is  to  be  satisfied 

k^  ^  k  (10) 

This  condition  is  fulfilled  by  having  die  beam  circulating 
in  a  Eletairoa  whidi  provides  focusing  in  both  trtmsverse  direc¬ 
tions  at  the  same  time.  The  magnetic  field  profile  is  measured 
by  the  field  index  a,  a  positive  quantity,  less  than  unit.  For  a 
round  beam,  a  suitable  choice  is  n  =  0.S  in  v^ch  case 

*«»=pBo/2p  00 

where  fro  the  bending  field  and  p  die  bending  radius. 

The  confinement  condition  can  be  expressed  in  terms  of 
the  magnet  and  beam  parameters  as  follows 

A^^nb^  =  IQ^roNp  (12) 

VI.  TRANSVERSE  STABILITY 

The  stability  of  motion  in  the  transverse  plane  is  investi¬ 
gated  by  solving  Eq.  (8)  where 

=  -k^-Qegdw)n,^lb^  (13) 

The  first  tom  at  the  right-hand  side  is  the  contribution  from  die 
external  restoring  forces  whereas  in  the  second  term,  proper  of 
the  beam,  gjjiw)  -  -  gifw)  /  2.  We  recover  thus  die  r^t  we 
have  already  obtained  for  the  rectangular  Oystal  Beam  model. 
Therefore  tte  same  considerations  made  before  will  also  apply 
here. 

The  following  stability  condition  is  to  be  satisfied 

*crt  >  Qe  g\fy»)  n^  !  2b^  (14) 

which  can  also  be  written  as 

H'g|(w)  <  4nA  (15) 

Particles  will  then  perfrmn  transverse  osdllations  with 
an  angular  oscillation  fipequency  fTj,  given  by 

2  ^  2i^e^N/LL  e(M,)  (16) 

mAy^  b^ 

where 

e(w)  =  1  -  H'gg(H')/4nfc  (17) 

whidi  ranges  between  0  and  1  for  the  motion  to  be  staMe  in  the 
transverse  plane. 

vn.  BEAM  CRYSTALLIZATION 


With  a  perturbation  achled,  the  beam  will  poform  stable 
mAii  =  Qe  dEir)  tdr-  I  n  (g)  longitudinal  oscillations  provided  that  the  amplitude  ng  of  the 

*  ^Oi  oscillations  is  small  enough.  The  beam  momentum  spread  is 
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then ■WMBwd tqr tbe iwwfanwm  velocity eocoumered duriag  only  lerait  Unev m  A.  1b  the  drtft ro^ons  K  *  0  mdiite 
IIm  oicilliidoflit  ttMt  Is  eovdofie  6(|iiBtioB  reduces  to 

6pt  •  mAyafit  08)  (26) 

lAae  Qk  Is  glveo  by  Eq.  (4).  Since  the  condUum  for  witbirDBA/bo^.  The  equation  for  die  sector  m^net.  letting 
crfSUtSimkMcmhttdua»  K^m  K  ■¥  i:|>  is  sinqity 

oi  <  A«  (19)  A"  *  •  0  (27) 


die  same  contitkin  can  be  expiBssed  as  follows 

^Ip  <  X|Q|  /  Pc  (20) 

A  timilar  condHIoa  oQgbt  also  to  be  satisfied  for  die 
innsvene  tnomentun  qiiead,  diat  is 

6pj_  <  mAydbCi^  (21) 

addeb  is  obtained  by  reqiuring  diat  transveise  osdBatiaos  have 
ansmpiitnde  aj.  <  6fi.  and  adiere  Ox  is  given  by  Eq.(16). 


Vin.  INSERTION  OF  DRIFT  SPACES 


(3iculaiioo  of  die  beam  in  a  beuaron  magnet  wiU 
intioAioe  the  effect  of  curvature  that  we  shall  not  investigate 
heie.  Diifts  are  required  for  beam  manipulation  like  iniectioo, 
abort  and  cooling.  Ihe  betatron  magnet  will  dius  be  broken  in 
Af  identical  periods  each  of  leagdi/gsiiip/ilf  and  sqMiaied 
by  drifts  of  lengdi  ^.The  insertioo  of  drifts  will  disnipt  the 
equilibrium  coiifiguratiou  and  it  will  not  be  possiUe  to 
maintain  the  beam  cross-sectian  constant  The  motion  remains 
periodic  with  die  period  lengdi  equal  to  2icp/Af  +  Pq. 

Let  ij  denote  either  die  horizontal  or  the  vortical 
coordinaiB  of  the  /4h  particle.  It  is  more  convenient  to  replace 
die  dme  as  die  independent  variable  widi  die  curvilinear  tength 
s  travelled  along  die  refiaence  closed  orbit  The  equadon  of 
motion  can  now  be  written  as 

[fie(*^, -*)/»nAypV]zy  =  0  (22) 

^  s  0  in  the  diifts  and  takes  a  constant  value  in  the 
sector  magnets.  For  convenienoe  let  us  write 

K  -  Qek^lmAyfi?  (23) 


The  term  k  whidi  is  proper  of  the  beam  itself,  includes  a 
dqiendence  on  the  beam  size  b  and  therefore  will  also  vary 
poiodically.  It  is  convenient  to  write  die  dependence  with  die 
beam  size  expliddy 


(2ek/in4YpV= 


Ihe  solution  of  die  equation  above  of  course  has  to  be 
periodic  widi  the  period  given  by  %  -i-  fo.  In  particular,  the 
equatkm  of  motion  am  be  written  fm- the  particle  at  the  et^e  of 
die  beam,  dnis  deriving  the  equation  of  the  beam  envelope 


b"  +  Kb  -  h/b  =  0.  (25) 


We  shdl  assume  diat  the  drifts  are  not  too  long  so  that 
die  beam  tUmensioa  remains  almost  constant  with  a  litde 
periodic  modulation  added.  Let  b  »  bod  -f  A)  whoebois 
die  beam  size  in  absence  of  drifts.  We  shall  expand  and  retain 


The  periodic  solution  of  these  equations,  which  are  imear,  can 
be  seardied  widi  the  conventional  3x3  matrix  notation  [3]. 

To  determine  the  stidMlity  on  the  trusverse  pfame,  as 
usual,  we  add  a  smaU  perturbmion  a  to  any  partide  akmg  one 
of  the  two  transverse  diiections.  AAa  linearizmion.  the 
equation  of  motion  is 


u"  +  qu  ^  0 

(28) 

vriieie,  in  the  sector  magnets. 

q  »  fJx^/p^c^  s  q^ 

(29) 

and,  in  the  drifts. 

q  s  -qswgi^w)/4ni^e(w)  =  -qp 

(30) 

As  usual,  we  can  search  the  solution  widi  a  matrix 
notation  [3].  Only  2x2  matiioes  are  leqiuied.  The  motion  is 
staMe  if  the  trace  of  die  transfer  matrix  corresponding  to  a 
perkx!  has  an  absolute  value  not  exceeding  2,  that  is 

\2cos%^cosh%ji  +(VqD/qB  - )«« fol  <  2 

(31) 

where  ^d-  lb '^90*^ similar condhion 

is  to  be  satisfied  also  for  the  staUlity  of  motion  in  the  storage 
ring  in  die  limit  of  zero  space<cfaaige  forces,  diat  is 

I  2cos  (%/p)  -  (%/p)sbi  (%/p)  I  <  2  (32) 
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Abstmet 

bi  onkr  to  doOble  te  integnied  kmiootity  of  the  Tevaboo 
collider  in  the  next  ranaint  period,  a  4-8  GHi  bondied  beam 
betatron  stochastic  cooling  system  has  been  desipied.  The 
hwiaontal  and  vertical  emittances  of  the  protons  and 
anthaotons  win  he  cooled  to  counteract  the  effects  of  power 
BOppiy  ttOiSCt  bB8Dh*b0BBh  flttCCSCtlOBu  ttid  tattBliCBIB 
A  vertied  proton  prototype  system  has  been  installed  in  die 
Tevatron  swl  tesl^  In  adthtion.  measurement  results  and 
detafls  of  the  hardware  sie  reviewed. 


Its*  uaw  autto tetiii'  triTss  umm  now  tHttMOMSM  mo  ts 

-7U  mm  otti 
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Rgnre  1:  Measured  beam  qiectrum  from  a  vertical  proton 
piefcup.  Note  the  large  coherent  lines  at  revolattoo  baraionic 
fipeqncncks  at  die  left,  certer.  and  right  The  betstraa  Schotdgr 
liaes  are  dearly  visible  above  the  ndse  floor.  The  cemer 
fiequeacy  is  4  GHz  and  the  sede  is  10  kttrdiv. 


L  INTRODUCTION 


A  great  ded  of  measuremertt,  calculation,  design,  mid 
consemetioo  work  has  gone  into  the  Tevatron  bunched  beam 
stochastic  coding  system  [1]  in  the  last  two  years.  Based  on 
beam  meaanremeids  made  with  the  first  proton  vertied  cooling 
system  [2],  a  second  pkkiqi  tank  was  fabricated  with 
improvements  aimed  at  solving  the  problem  of  large 


*Opeaated  by  the  Univorsities  Research  Associatioe  under 
codract  with  die  U.S.  Department  of  Energy. 


revolution  harmonic  power  saturating  amplifiers  (see  figure  1). 
In  addition,  a  new  repetitive  notch  filer  was  designed  and  bndt 
P)  to  tether  consbd  die  power  at  harmonics  of  the  revolutioo 
fiequency.  System  phasing  and  turnip  arbostments  have  been 
crsHpleted. 

IL  COHERENT  POWER  Measurements 

Oneof  the  mysteries  associated  with  bunched  beam  cooling 
in  the  Tevatron  Collider  was  the  existence  of  larger  than 
expected  coherent  revdntioo  harmonic  power.  Giventfadthe 
kuigiindinal  distnbntion  of  the  beam  is  rougldy  Gauaaan  [4], 
one  would  atpea  thd  the  revdntioo  harmonic  power  should 
drop  quarhstiodly  when  viewed  on  a  k^arkhmic  scale.  Hgnre 
2  contains  the  measured  revolntion  harmonic  power  as  a 
function  of  fiequency  (where  the  beam  power  at  each  harmonic 
of  the  RF  fiequency  was  measured).  Note  that  instead  of  a 
downward  partbdk  shape,  the  spectrum  actually  exldiits 
aometfamg  Eke  a  1/f  shape. 


0  1  2  3  4  5  6 

Frequency  (GHz) 

Figure  2:  Beam  current  power  qiectrum.  measured  at  each 
harmonic  of  the  RF  fieqne^. 

If  one  were  to  Fourier  transform  this  distrdwtion  bock  into 
the  time  domain,  the  rerpured  beam  pn^le  would  scale  as  the 
Ki  Bessel  function,  which  is  undefiied  at  the  bunch  center! 
Thereftae,  this  excessive  power  at  high  fiequency  must  be  <hie 
to  a  small,  high  fiequency  modolatkm  ot  the  beam  prdile. 
This  high  frequency  structme  could  possiUy  be  doe  to 
fihunentation  firm  a  small  coherent  osdDation  [S]. 

A  stnfy  was  underudeen  to  find  sudi  a  coherent  oscillation. 
Hgnre  3  contains  a  doseqi  view  of  a  levdution  harmonic 
line.  By  fitting  the  amplitudes  of  die  wioos  synchrotron 
sidebiBids  on  either  side  of  die  revdution  fiequency  to  a  Bessel 
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flMfilkM  dlMitortion  PM  modBliiicNL  • 

d^wle  oflcttlatkw  ot  ampltoide  60  piec  is  csIffnlnM. 
Itasion.  a  piaasibte  oqpliMtira  ftv  tlHse  liaes  a^ 


■m  M  t*  Na  «!•  M  M  Ma  MP  IS 


Hgore  3:  Goseup  of  the  power  spectrum  of  a  single 
revelation  haraioaic  line  nev  4.  IS  GHz.  The  fiequeacy  scale 
isSOHs/dhr. 

m.  PROTOTYPE  PICKUP  IMPROVEMENTS 

In  order  to  balance  the  iduse  from  the  ti^  and  bottom 
detector  arrays,  both  a  Fetter  hybrid  [2]  and  a  Bnrlei^ 
inchwwm  motor  [6]  were  instalM  to  adjust  their  relative 
vectorial  alignment  The  inchwocm  motor,  which  has  a  stqp 
size  of  1  micron,  was  required  because  a  longitudinal 
misalignment  ot  the  (dates  as  small  as  60  micions  could  rain 
the  common  mode  rejection  required  to  suppress  the  coherent 
revolution  harmonic  power. 


With  dm  original  pickup  mn^  it  was  noted  [2]  diat 
microwave  senate  traaed  dm  bunch  signal  on  an  osciMoscope 
image  of  the  pickup  signhL  This  ntieiowsive  borst  was  fbu^ 
to  be  caused  by  dm  response  of  dm  tunnei  preamplifier  to 
shock  ezcitatioo  by  a  large  volt^  burst  of  bemn  signal. 
With  the  above  unprovements  reducing  the  coherent  power 
(and  hence  voltage),  this  phenonmnon  is  no  i«i»ger  viadile  (see 
figures  4  and  S).  What  remmns  is  a  sm^  nuciowave  signal 
on  only  dm  hybrid  diffierence  port  which  is  independent  of 
coherent  beam  power. 

g|p  *  i«iff  •  pafWr  PMW  «rv  muaiwi  pa^tww  tMi  9 
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HgureS:  MasAnin  hold  sanq)ling  oscillosoope  image  of  dm 
difterence  agnal  bom  the  180°  hybrid.  The  tinm  scale  is  20 
nsec^v.  Note  the  small  amount  of  microwave  power  trailing 
the  beam  signal  which  is  still  present  in  the  new  prototype. 


m.  REFElTnVE  NOTCH  LOOP  filter 


gw  *  paitftr  PUITga  WT  IVUIIHI  W^IVM  flit  t 

in  tw*  ff.giin  tn  mw 


A  typical  single  turn  delay  notch  filter  produces  a  lsin(x)l 
response  which  repeats  each  revolution  period.  The 
unfortunate  aqxct  ot  this  filter  is  that  the  phase  linearly 
progresses  through  180°  every  revolution  period.  In  dm  case 
(tf  small  mixing  fimtor  where  the  betatron  SchotdEy  signals  are 
spread  over  a  large  portion  ot  each  revolution  bimd,  a  large 
portion  of  the  particles  see  either  no  danqw^  or  antidamping. 

The  purpose  of  the  loop  notch  filter  is  to  overcome  diis 
phase  change  per  band.  The  phase  change  conies  bom  dm  fimt 
diat  betatron  oscillation  information  is  being  apfItiiDd  to  the 
kkier  one  turn  too  late,  thereby  giving  the  particles  the  wrong 
kicL  If  one  injects  a  bunch  signal  into  a  stoia^  loop  each 
turn,  where  the  baction  the  signal  which  survives  orm  tom 
of  the  loop  is  described  by  dm  variable  a,  dm  betatron 
information  is  ejqxmentially  averaged  away  and  the  transfer 
bmction  of  dm  full  filler  becomes 


Hgure4:  Max/hiin  hrdd  sanqding  oscillosoc^  image  the 
snm  signal  bom  the  180°  hybrid.  The  time  scale  is  20 
nsec/dhr. 


T(®)  = 


1-e-^ 

l-om-‘®' 


where  t  is  dm  revidution  period  (see  figioes  6  and  7). 


(1) 
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IV.  PHASING  &  TIMING  K&ASUREMENTS 


0.00  0.50 


Time 


Figure  6:  Cakulaled  anqilitude  response  of  a  loop  notch  filler. 
The  lowest  curve  is  for  the  limiting  case  of  a  single  turn  delay 
notch  filler  (a«l).  The  value  of  1-a  for  the  other  curves  are 
0.3. 0.1. 0.03.  and  0.01  (in  order  progressively  improved 
nolch  width  sod  phase  change  filter  characteristics). 


When  the  second  prototype  jN^up  taiA  was  installed,  the 
relative  position  of  the  pick^  and  kicker  tanks  in  the  lattice 
wtt  revened  (pickup  now  upstream).  This  was  done  because 
the  fractional  tune  the  accelerator  was  changed  from  OA  to 
0.6.  and  the  change  was  necessary  to  keep  the  phare  advance 
between  the  pidoq)  and  kicker  at  an  odd  multiple  of  90°.  The 
implications  of  tto  change  on  open  loop  trimsfer  function 
measurements  was  both  dnunatic  and  uneagmcied  (see  figure  8). 

Compared  widi  the  previoos  measurements  [2].  which 
exhibited  a  destructive  interference  in  the  amplitude  at  a 
fractional  tune  of  0.5.  the  amplitude  at  that  point  now  adds  the 
signals  from  both  betatron  lines.  In  the  phase,  while  previous 
memurements  showed  a  phase  advance  of  2x3M°  per 
revofaitioo  harmonic  band,  3x360°  is  now  observed. 


11 

<9 

-99 


-t»99  WiMi9t 


0.00  0.50  1.00  1.50  2.00 

Tune 

Figure?:  Phase  coneqxnding  to  the  above  anq^itudes.  The 
straight  diagooal  lines  are  in  the  hmiting  case  of  a  single  turn 
delay  notch  filler. 


CnrehnrM  4TTi,99$m  ipamt  1911.91919 

Bgure9:  liming  measurenient  where  the  phase  and  amj^itude 
at  a  fractional  tune  trf  0.5  is  measured  every  205  revdution 
harmonic  bands  with  a  center  frequency  of  4.77  GHz.  The 
phase  slope  indicaiBs  that  the  electrical  length  is  too  short 
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Hgnre  8:  Open  loop  transfer  function  measurement  across 
twotev<Aitionlnnnooicbandsat4GHz.  Note  the  phase  ttdls 
through  3x360°  per  band. 
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NMKt 

For  a  fiveo  rf  cavity  vaHafe  ampHlurie,  there  ia  a 
mriinii  attrinahte  peak  cwitat  in  an  ioii  storage  rh^.  TUa 
scon  wbea  the  etoctric  field  Cram  the  beam  space  chaiie 
ilaacea  the  if  cavity  field,  bi  this  Uaiit,  the  linear  chaiie 
aaaity  dtotributioa,  XCsX  is  pandwfic  and  incoberent 
mchrotron  motioo  is  anppreaaed.  The  beam  eneigy  spread 
amot  be  detennined  Cram  the  bunch  time  spread, 
hich  depends  only  iqpon  the  beam  cunent,  I,  and 
This  wnk  Iws  recently  been  piAiiahed  [1];  no  beam  thne 
IS  been  available  since  for  ftutber  results.  This  1  page  paper 
anmarises  this  woric,  discusses  plasmed  measurements, 
nqectures  about  possible  results,  and  does  its  smaU  part  so 
■it  the  oqilosive  growth  of  the  PAC  proceedings! 

I.  Summary  of  Previous  Work 


Electron  cooUng  can  reduce  the  beam  emittance  so  that  the 
ectrostatic  potential  energy  spread  across  the  bunch  exceeds 
e  rest  fiame  kinetic  energy  spread.  In  this  regime  Xfi)  is: 


8sla(f,/r»)  lic*  r,  R* 


(1) 


here  |r|  and  2JL^  is  the  bunch  length;  y  the  usual 
ilaiivistic  parmneter,  h  the  harmonic  nundier;  r.  m,  and  the 
eclion  ctoge,  inass.  and  classkad  radius;  R  the  ring  radios; 
Id  hKry/r^  3.2  in  the  lUCF  Cooler,  the  logaridun  of  the 
lio  of  the  vacuum  chamber  to  cooled  beam  radhis. 

Ini^iatiog  p|(r)  over  s,  arhere  pmf/c  yields  /(7>wnw>V'^: 

/ _ _ «»v ‘•Jim,  o, 

24VT«»hi(rv/r,)  me*  ^  R* 


1.  Mcaturad  (x’t.  O’l)  and  theoretical  (Eq.  2.  solid 
loM)  values  for  T/tob/A.  dashed  curve  is  (IBS)  theory, 
(a)  I  -  HirM  lasv 


Figure  2.  Measured  (left)  and  theoretical  (right)  X(sX 
dashed  curve  is  theory,  solid  includes  filteting  effects. 


The  time  stnidue  of  an  electroo-oooled  45  MeV  proton 
sam  was  measured  by  reconia^  the  signal  fiom  a  beam 
xitioomomtor.  Con^Muisoos  between  Eq.  (2),  and  measured 
piKHw  ^  summarixed  in  Fig.  1.  The  observed  inciease  in 
with  /  has  bemi  previously  attributed  to  an  increase  in 
e  beam  momentmn  spread,  S,  due  to  intiabeam  scattering, 
bese  theories,  however,  ptedict  8,  and  consequently 
'  ■Dci'Base  as  With  such  scaling.  should 

crease  as  rather  than  (Eq.(2)).  This  model  clearly 
sagrees  with  our  data. 

In  Figs.  2a  and  2b  Eq.  (1)  ■  compared  with  the  measured 
[r)  fior  two  (fifferent  cases.  The  theoretical  X(x),  dashed 
<rve,  is  modified  to  include  the  measured  pickup  RC  time 
.^staat(212  ns)  and  fillerhig  due  to  cable  k)ss  (-  e*^^**^. 


Iiqiponed  by  the  Nst.  Sd.  Fowid.  (Grant  No.  NSP  PHY  90-l»57). 
1  T.  Ellison  et  aL.  Phys.  Rev.  Utr.  7t  No.  6  (8  ’93)  p.  790. 


DiscussKm 

Since  the  synchrotron  frequency,  within  the  bunch  is 
reduced,  coherent  oscillations  do  not  decohere,  but  instead 
damp  in  accordance  with  the  measured  coolmg  force. 

The  ^»ce  charge  model  predicts  a  bunch  shape  oscillation 
fiequmicy  of  V3  times  the  unperturbed  fiequency.^o  end  the 
mniitaoce  dominated  model  predicts  2/^  We,  however, 
coosisteatiy  measure  1.84/^  -  a  mystery. 

We  coniecuire  that  the  transverse  beam  distribmioo  may 
also  be  space  charge  dommated,  having  a  untform  distiibolioo 
with  a  radius  increasing  also  as  This  will  be  measured. 

We  also  conjecture  that  the  trmsverse  shape  oscillatioo 
fiequency  may  not  be  twice  the  cohoent  betatron  orallation 
firequency  as  predicted  by  the  emittance  (kaninated  model  but 
instead  detennined  by  the  beam  plasma  fiequency. 
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Abstract 

EbqMrimmital  results  of  the  study  of  a  candidate  source 
for  high-energy  particle  beam  underdense  plasma  lens 
etqteruneats  are  presented.  The  high  density  phuuna  is  based 
on  the  operation  of  the  back-lighted  thyratron.  A  100% 
kmized  hydrogen  plasma  with  density  of  1.7x10^^  cm*^, 
hooK^eneous  in  space  and  monotonically  varying  in  time 
with  a  time  scale  on  the  order  of  psecs  is  straightforwardly 
achievable.  The  desired  plasma  density  for  lens  experiments 
can  be  achieved  voy  sinqrly  by  controlling  either  tte  applied 
voltage,  the  beam  entry  time  or  other  parameters.  This 
scheme  presents  a  simple  device  with  the  ability  to  support  a 
plasma  with  density  ranging  from  10^^  cm*^  to  above 
10^^  cm*^.  The  structure  also  facilitates  the  particle  beam 
entry  and  the  components  are  vacuum  coirqHUible.  The 
device  is  small,  simple,  robust,  easy  to  adjust,  can  be 
operated  at  hi^  rqwtition  rates,  and  has  a  long  life  time. 

I.  INTRODUCTION 


It  has  been  proposed  to  use  a  layer  of  plasma  as  a  final 
focusing  lens  for  ht^  energy  particle  beams.  The  scheme  is 
usually  termed  "plasma  lens".[l-S]  The  advantage  of  this 
q)proach  lies  in  the  excqidon^  focusing  strength  provided 
by  plasma;  several  orders  higher  than  conventional 
quadrupole  magnets  (10^  T/m  with  plasma  density  of 
10^^  cm*^  compared  with  conventional  quadrupole  focusing 
lens  of  10^  TAn).  Presently  various  plasma  lens  schemes 
have  been  proposed,  namely,  thin,  thick,  adiabatic  and 
(qitimal  piasioa  lens.[6,7]  For  both  thin  and  thick  lenses,  the 
plasnui  density  is  uniform  within  the  plasma  slat  Adiabatic 
lens  and  optimal  lens  require  a  tailored  density  profile  in  the 
beam  prt^agation  direction.  The  adiabatic  lens  also  offers 
the  potential  of  overcoming  the  Oide  limit  on  final  spot  size 
which  limits  all  other  lens  designs.[8]  In  this  p^r  the 
application  of  a  back-lighted  thyratron  (BLT)  or  a 
l4eudospark  is  presented.  The  intent  is  to  utilize  the 
homogeneous  BLT  high  density  plasma  as  a  plasma  source 
for  the  final  focusing  plasma  lens. 

There  are  two  regions  in  a  passive,  self-focusing  plasma 
lens,  namely  underdense  and  overdense.  In  the  underdense 
regime  where  the  plasma  density  is  lower  than  the  beam 
density  (n|)>ne).  the  plasma  electrons  respond  to  the 
incoming  beam  by  total  rarefication  from  the  beam  volume. 
The  result  is  a  nearly  uniform  focusing  of  the  beam  due  to 
the  less  mobile  ions.  The  focusing  strength  k  for  the 
underdense  plasma  lens  can  be  written  as 


Ks 


(1) 


*  This  work  was  supported  in  part  by  the  U.S.  Army 
Research  Office,  SDIO  through  the  U.S.  Office  of  Naval 
Research. 

**  K.  Nakamura  is  with  USHIO,  Inc.,  Himeji,  Japan. 


where  Fr  is  the  radially  focusing  force,  ne  is  the  plasnu 
density  and  Co  the  pnmittivity.  The  focusing  strength  of  a 
underdense  plasma  lens  is  proportional  to  the  plasma 
density.  The  focusing  meclumism  of  a  position  beam  can  be 
described  similarly  with  a  nuyor  diffnence  that  the  plasma 
electrons  are  now  being  pulled  into  the  a  positron  beam 
instead  of  being  tejected.[l]  The  space  charge  neutralization 
is  provided  with  the  incoming  plasma  electrons. 

Experiments  in  Argonne  National  Laboratory  (ANL) 
and  Univosity  of  Tokyo  have  confirmed  that  the  plasma  do 
focus  low-energy  (»  20  MeV),  low-density  (»  10*®cm‘^) 
electron  beaiits.[9,10]  In  the  ANL  experiment  a  35  cm  long 
DC  hollow  cathode  arc  plasma  source  with  density  on  the 
order  of  10*^  cm'^  is  used  to  focus  the  beam  size  from 
asl.4  mm  to  oa0.91  mm.  In  the  University  of  Ttdcyo,  a 
36  cm  plasma  with  density  on  the  order  of  10^  ^  cm*^  is  used. 
It  has  been  confirmed  that  plasma  certainly  has  a  lens  effect, 
even  though  the  reduction  of  transverse  emittance  is  not  y^ 
fully  understood. 

Presently  the  challenge  of  plasma  lens  experiments  is  to 
demonstrate  the  plasma  focusing  effect  with  high  energy 
(lO's  of  GeV)  and  high  density  (on  the  order  of  10^^  cm*^) 
particle  beams  like  Stanfmtl  Linear  Accelerator  Center 
(SLAQ  Final  Focus  Test  Beam  (FFTB).  From  equation  (1) 
a  plasma  with  the  highest  possible  density  is  required  to 
achieve  strong  focusing  for  an  underdense  plasma  lens 
design.  The  BLT  is  a  potential  candidate  fw  plasma  lens 
experiment  due  to  its  high-density  plasma  and  other 
favmable  features.[l  1]  The  plasma  density  in  a  typical  BLT 
opmation  with  a  discharge  current  of  several  kA  is  on  the 
order  of  10^^  cm'^.  Results  pesented  in  this  paper  indicate 
that  plasma  densities  in  the  range  of  several  times  10^^  cm'^ 
can  be  readily  achieved. 

n.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  experimental  setup  for  BLT  high 
plasma  density  (iteration  and  density  measurement  A  single 
stage,  UV  flash  lamp  (EG&G,  FX-26S)  triggered  BLT  is 
typically  operated  with  a  2  pF  capacity  and  ultra-high  purity 
hydrogen  gas.  [12]  The  BLT,  being  optically  triggered 
FSeudosparks,  can  also  be  electrically  triggered.  [13]  Both 
cathode  and  anode  are  made  of  molybdenum.  The  electrode 
separation  is  «  3  mm.  A  quartz  window  behind  the  cathode 
allows  UV  light  to  illuminate  the  cathode  back  surface  and 
initiates  the  discharge.  Stark  broadening  spectroscopic 
technique  was  chosen  to  measure  the  plasma  density. [14] 
With  tlte  expected  plasma  density  varirfole  to  several  times 
10*^  cm^  the  broadened  line  width  (FWHM)  of  Balmo’  lines 
are  on  the  order  of  several  A.  An  accuracy  within  30%  is 
expected  with  this  measurement.  The  SFEX  1302  series 
spectrometer  (ff?)  has  a  resolution  »  0.9  A  with  a  ISO  pm 
entrance  slit  width.  A  two-lens  imaging  system  collects  and 
focuses  the  plasma  light  emission  onto  the  spectrometer 
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mtraace  slit  with  matched  f  number.  The  measuremou  is 
lakro  at  the  mid-piaiie  in  between  cathode  and  anode.  The 
spatial  icsolutioo  is  •  150  ^m.  Together  with  Hamamatsu 
streak  cmneta  a  tfane-iesol^  plasma  density  measurement 
am.be  achieved.  In  this  prment  expoiment  the  jitters  of 
BLT  is  20  nsec  when  (grated  at  above  7.5  kV.  The 
triggering  of  BLT  and  streak  camera  were  controlled 
separately  by  two  different  channels  from  a  single  pulse 
generator.  Tlie  streak  camera  streak  time  setting  allows  one 
to  look  at  a  specific  time  interval  of  interest  during  the 
discharge.  Not  shown  in  the  figure  are  the  supporting 
vacuum  and  gas  suiq)ly  system. 


FIG.  1  Schematic  for  BLT  high  density  plasma  measurements 


Figure  2  shows  the  time-resolved  plasma  density  with 
two  different  applied  voltages  (7.5  kV  and  10  kV).  The 
oscillating  disctu^  current  has  poiod  «  4.8  |isec  and  peak 
current  proptHtional  to  the  applied  voltage  (18.75  kA 
corresponding  to  7.5  kV,  25  kA  to  10  kV  and  31.25  kA  to 
12.5  kV).  A  lumped  circuit  inductance  of  3(X)nH  is 
estimated.  With  a  working  gas  of  275  mTorr  hydrogen  the 
maximum  plasma  density  is  »  1.76x10*^  cm'^.  The  streak 
camera  sti^  time  was  set  at  20psec/15mm  with  a  full 
screen  time  of  13.3  psec.  With  a  1(X)  |im  entrance  slit  the 
temporal  resolution  is  »  150  nsec.  The  plasma  density  is 
measured  through  Hq  line  broadening.  As  shown  in 
Ingure2,  the  plasma  density  increases  with  increasing 


FIG.  2  Time-resolved  plasma  density  measurements 


applied  voltage  from  7.5  kV  to  10  kV.  The  electron 
temperature  is  estimated  to  be  of  the  order  of  1  eV.[ll] 
With  10  kV  aj^lied  voltage  a  peak  density  of  2.0x10^^  cm'^ 
is  measured  with  ions  assumed  mobile.  [15]  With  the 
possible  30%  error,  the  plasma  is  believed  to  be  fully 


ionized.  Another  supporting  evidence  is  that  when  the 
voltage  is  further  increased  to  12.5  kV  the  peak  plasma 
density  did  not  inaease  accordingly.  Theories  assuming 
ions  immobile  tend  to  over-estimate  the  plasma  doisity  and 
is  not  suitable  for  the  present  measurement  since  the  time 
scale  of  discharge  is  long  compared  with  the  ion  plasma 
period.[14] 

Thm  are  different  ways  to  achieve  the  desired  plasma 
density  during  lens  expoiments.  One  is  to  vary  die  discharge 
current  through  different  iqiplied  voltage  as  has  been  done  in 
this  present  experiment.  IRgure  3  shows  the  peak  plasma 


FIG.  3  Peak  plasma  densities  with  various  discharge  currents. 

A  was  taken  with  a  slightly  different  discharge 
condition  (180  mTorr  hydrogen,  C=0.7  pF,  RaO.S  Q, 
L=400  nH  at  12  kV).  The  error  bar  represents  the 
intrinsic  accuracy  of  the  measurement  method,  not  the 
reproducibility  of  the  plasma. 

density  obtained  with  various  peak  discharge  current.  With  a 
single  device  the  plasma  density  can  be  varied  to  above  10^^ 
cm*^.  A  second  way  is  by  injecting  the  particle  beam  at 
diffovnt  time  during  the  discharge  with  a  fixed  applied 
voltage  since  the  particle  beam  bunch  length  (typically  on 
the  order  of  psec)  is  much  shorter  than  the  time  scale  of 
density  variation  so  within  the  beam  bunch  the  plasma 
density  can  be  regarded  as  constant.  It  is  also  possible  to 
vary  the  pressure,  gas,  and  geometry  thus  achieving  a  broad 
range  of  rqierating  conditions  for  a  u^orm,  pulse  rqieatable, 
homogeneous  plasma. 

As  indicated  above  the  maximum  plasma  density  is 
determined  by  the  available  neutral  density.  For  this  reason 
a  circuit  with  one  switching  BLT  Oow  pressure  gas)  and  one 
lens  BLT  (high  pressure  gas)  has  bMn  constructed  and 
tested.  The  results  indicate  that  the  plasma  density  increases 
with  increasing  neutral  density  when  operated  with  same 
discharge  current.  The  measurements  at  two  different 
positions  (on  discharge  axis  and  3  mm  away  from  axis)  also 
indicate  a  homogenous  plasma,  with  a  macroscopic  density 
variation  »  15%.  For  a  pm  beam  size  the  plasma  can  be 
regarded  as  uniform.  Thus  operating  the  lens  with  a 
modulator  is  a  simple  way  to  achieve  variable  plasma 
density. 

As  a  numerical  example  of  this  plasma  source  in  SLAC 
FFTB  underdense  plasma  lens  experiment  it  has  been  shown 
that,  for  a  round  beam,  the  final  beam  size  can  be  reduced 
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im  41  imio  1.9  |tm  by  a  2  cm  dikk  ftoma  of  density 
^10*^  cm*^  iueried  at  6  cm  befcMfe  the  natural  beam 
maitt.(16]  The  nonnaliwrt  beam  emittmice  is  assumed  to 
3j9mm-mrad.  With  a  three  times  higher  density 
(l.txl(^^cm*^)  the  «»»**  eleeiron  beam  can  be  focused  to 
leas  than  1  im. 


Qq>adlor 
(Saergy  Stonge) 


HO.  4  Conceptual  design  for  the  BLT-based  SLAC  PPTB 
plasma  lens  experiments. 


Figure  4  shows  a  conceptual  design  of  BLT-based 
plasma  lens  design  for  SLAC  FFTB.  Many  other  geometries 
are  also  possible.  An  intuitive  choice  will  be  using  the 
electrode  central  holes  for  beam  entry  and  exit.  Working  gas 
will  flow  into  the  cathode-anode  gap  and  be  pumped  out 
through  electrode  boles.  The  beam  line  apertures  (for  both 
beam  entry  and  exit)  need  to  be  small  enough  to  minimize 
the  gas  fk>w  crmductance  while  large  enough  (for  example,  ^ 
20o)  to  avoid  a  vacuum  wake  field.  The  pumping 
requirement  can  also  be  significantly  reduced  if  a  puff  gas 
valve  is  used. 

in.  CONCLUSION 

In  conclusion,  the  results  of  a  study  of  BLT  high  plasma 
deasily  qperation  and  faoposed  qrplication  to  SLAC  FFTB 
plasma  lens  expriment  are  presented.  A  homogeneous, 
rqaoducable  hydrogen  plasma  with  variable  density  from 
10*2  up  to  1.7x10*®  cm‘3  was  achieved.  At  density 
1.7x10*®  cm*^  the  plasma  is  believed  to  be  folly  ionized. 


With  this  single  device  the  density  can  be  easily  varied  by 
changing  the  tqrplkd  voltages  or  by  various  other  means. 
The  planna  source  is  suitifole  for  underdense  {dasma  lens 
experiments.  The  operation  and  the  structure  BLT  have 
several  features  which  are  optimal  for  plasma  lens 
expoiments.  These  include  (a)  central  holes  to  facilitate 
bem  entry  and  exit,  (b)  vacinmi  cotrqmtible  components  that 
will  not  degrade  the  FFTB  vacuum  system,  (c)  precision 
timing  and  rqxoducibility,  (d)  variaUe  plasnm  density  and 
thickness.  Tte  device  is  robust  and  extremely  simple  in 
structure,  and  long  lived. 
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Abstract 

Podlivily  diaigtd  ioM  trappad  in  th*  aagativdjr  dutfad 
baaoB  of  tho  FWmihh  oal^Mton  acmimihtoe  pooe  a  Umit 
to  boom  otabilitgr  aad  douity.  lb  better  naderitaiid  the 
dyaandca  and  tte  ooMeeqaeiicei  of  the  baaaa-ioa  interac¬ 
tion,  no  have  built  aad  inetatted  a  kw  energy  ion  deteetM 
aad  energy  analyeer  in  the  flmnilab  acenmulator.  Thie 
aaabraer  ie  c^ble  of  energy  aaalyiie  of  the  eetaping  ’  no 
ntiag  a  probe  with  energy  rotar^ng  gride  aad  may  also  be 
scanned  in  the  pitch  aa^  of  the  eecming  ions.  Maasnre- 
ments  have  been  made  in  both  km^ttidinal  aad  transverse 
planes  nnder  a  vnriaty  of  machine  <^Mrating  omditimis. 
The  eo^ecimantal  maasarement  resnlts  will  be  presented 
together  with  atteoqite  to  model  the  kn  dynamics  aad 
ofassrvetione. 


Introduction 

Ion  tipping  in  aooderatocs  with  negatively  charged  beams 
oecms  whan  ions  created  tkmngli  Coukmib  colliwons  with 
beam  particles  are  net  energrtk  enough  to  eac^»e  the  beam 
dactric  Add.  This  is  a  very  con^ez  process  as  it  involves 
the  constant  creation,  interaction  with  the  beam  aad  the 
bachpeond  gas  moleeolas,  and  escape  of  the  ions.  A  di¬ 
rect  measurement  of  the  ions  would  j^ovide  some  of  the 
information  needed  to  understand  the  interaction  process. 

Fermilab  Ant^oton  Accumulator  is  a  DC  storage  ring 
of  aatiprotons  r^ete  km  tnqqnag  is  a  major  jnoblem  if 
nacorrectod.  The  average  vacuum  in  the  accumulator  is 
2x  16~^*torr.  Calculations uting  Beths  theory  with  ejqmr- 
imentally  measured  constants  [1]  aad  by  clearing  current 
measurements  both  show  a  neutraHsation  time,  in  which 
beam  win  cmnpletdy  neutralue  its  own  diarge,  of  about  2 
seconds,  While  the  incoherent  eflects  doe  to  tr^ped  ions 
are  small  aad  can  be  ignored  when  the  um  clearing  system 
"»**»**»"■  the  overall  aeutraliBatimi  level  to  lew  percent, 
the  cohsrwd  iatecactien  between  the  beam  aad  tr^^ed- 
MMiB  are  still  canting  Boticeafaie  effects  on  the  beam  quality. 
An  ion  detoctor  aad  eaergy  analyser,  IDEA,  is  installed  in 


*OfBHd  hjr  Ibt  IhJwwitlw  RwMnh  Amodtian  ndw  con- 
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the  VHmilab  atmmulator  aad  has  been  nasd  to  ohesrve 
escaping  ions  with  various  beam  conditions. 

Detector  setup 

The  overall  system  is  shown  stimnatically  in  Fig.  1.  The 


ion  Detector  and  Energy  Analyzer  System 


^ - Dktm 


Kgure  1:  IDEA  layout 

laobe  construction  is  shown  in  Fig.  2.  In  the  center  of  the 
prtiie  is  a  three  stage  Micro  Channel  Plate  (MCP)  assem¬ 
bly  which  has  a  gain  of  up  to  a  few  10^  whid  en^ks  the 
probe  to  detect  single  kms.  The  front  of  the  MCP  assembly 
is  at  a  negative  high  vcdtage,  usually  2^1^  foronropaation. 
This  provides  the  operating  vtitage  for  the  MCP  assembly, 
bat  also  serves  as  an  acceleration  for  the  kms  entering  the 
I»obc  and  increases  their  detecti<m  effidency[2].  Another 
benefit  of  this  voltage  is  the  exclution  of  dectrons  with 
energy  below  ikmV,  which  should  be  the  maj<»ity  if  not 
all  of  the  electrons  present,  from  being  detected.  Voltages 
can  be  i^^licd  to  the  plates  in  front  of  the  MCP  to  repel 
lowmr  energy  kms,  by  varying  wluch  energy  distribution  of 
ions  can  be  measured.  The  orientation  of  the  probe  can  be 
changed  nearly  180*.  The  signal  pukes  out  the  ]»obe, 
whkh  is  mounted  in  beam  fupe  vacuum,  are  then  ampli¬ 
fied  and  sent  to  a  puke  counter.  Control  and  count  rate 
measurement  are  done  by  a  Macintosh  computer  ruiming 
Labview®[S]. 
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Pigun  2:  Schematic  drawing  of  IDEA  probe 


The  detector  ie  inatalled  in  a  drift  aection,  about  1.5  me¬ 
ters  to  a  quadrupole  magnet.  The  lattice  functions  have 
the  following  values,  ffa  =  22m,/9^  =  2m,  D  =  1.7m. 
The  pointing  angle  of  the  probe  is  defined  such  that  at 
0  it  points  in  the  direction  of  movement  of  the  antiproton 
beam. 

Measurement  results 

Angular  distributions  of  escaping  ions  are  measiired  with 
both  aatiproton  and  proton  beams,  see  Fig.  3.  The  accu- 


Figure  3:  Angular  distribution  measured  with  IDEA 

mulator  sometimes  runs  with  a  few  mAs  of  proton  beam 
for  the  purpose  of  machine  study  and  tune  up.  Most  of 
the  time  proton  beams  are  run  in  the  opposite  direction 
ai  the  antiiwoton  beam,  however  the  proton  beam  usually 
has  different  momentum  and  therefore  passes  the  detector 
at  a  different  horisontal  pontion  relative  to  the  antiproton 
beam.  Furthermore,  protons  may  have  a  small  crossing 
angle  srith  the  probe  because  of  installation  errors,  which 
is  estimated  at  ±5*.  The  observed  difference  in  angular 
distribution  between  proton  and  antiproton  beams  is  con- 
ristent  with  the  hypothesis  that  horisontally  antiproton 


and  footon  beams  pass  the  probe  on  the  two  sidas  and 
a  crossing  angle  causes  the  probe  to  face  the  two  beams 
^  different  angles  and  therefore  a  differently  peaked  and 
■Kapatl  awjiiW  distribution.  The  crossing  an^  is  srithin 
the  possible  installation  tolerance. 

The  energy  distributions  measured  bf  IDEA  are  quali¬ 
tatively  as  expected.  For  the  prot<m  beam  the  electric  field 
of  the  itself  pushes  poritive  ions  out  and  therefore 
should  result  in  a  distribution  with  an  mean  drift.  For  the 
antiproton  beam,  only  ions  that  have  acquired  sufficient 
transverse  kinetic  energy  can  escape  the  beam  potential 
and  be  detected  by  our  detector.  ']^c  energy  distribution 
should  thus  be  Maxwellian-Uke.  Fig.  4  shosrs  the  com¬ 
parison  of  the  measured  ion  energy  distribution  from  a 
4mA  proton  beam  and  one  from  calculation  uring  a  sim¬ 
ple  m^el  where  ions  axe  created  without  any  kinetic  en- 
ergy  from  an  round  Gaussian  beam.  It  can  be  seen  from 
Fig.  4  that  they  agree  reasonably  well.  Fig.  5  shows  the 
ion  energy  distribution  from  a  20inA  pbar  beam.  The 


Figure  5:  Ion  energy  distribution  from  a  20mA  pbar  beam 

distribution  with  antiproton  beam  shows  a  very  hot  ion 
energy  distribution,  considering  the  residual  gas  temper¬ 
ature.  Some  ions  have  energies  extending  to  leV  level. 
This  "temperature”  seems  to  be  insensitive  to  the  beam 
current  and  other  conditions  of  beam.  The  energy  source 
and  transfer  mechanism  will  be  discussed  later. 
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Om  iovertaal  notivt  of  tha  datactor  wu  to  aa> 

toWiah  tha  poaitiva  Unit  of  baun  coharoit  oarillationi  and 
amitUnra  growtha  tiitli  tba  activity  of  iona.  Thia  ia  boat 
illwatiatad  aa  tbo  baam  bacomaa  unataUa  and  tha  amit* 
taacaa  uadaifoaa  aami-pariodic  axploaiva  growth.  Acemn* 
paajriag  tha  amittanca  growth  then  aro  buiata  of  coher- 
aat  oarillatioo  obaarrod  on  tha  cohcimt  pickup.  Fig.  A 
ahowa  ona  FWtm  tha  figure  it  can  ba  clearly  aean 

that  tha  large  ccdiannt  oadllation  coinddea  with  the  emit* 
tanoa  growth  and  illuatrataa  tha  cauaa  of  that  amittanca 
growth.  The  count  rata  maacured  for  that  period  iqr  IDEA, 
in  Fig.  7,  ahowa  a  vary  good  match  to  the  beam  coherent 
oacillatim  atrongth. 

Ona  intaraating,  and  atill  not  completely  underatood, 
problem  ia  tha  aource  of  energy  of  the  aacaping  iona.  The 
uaual  count  rate  ofaaarved  by  IDEA  ia  on  tha  order  of 
10*/jae.  Elactron-ion  paira  are  created  through  coUiaion 
of  beam  particlaa,  antiprotona  in  thia  caae,  with  raaidual 
gaa  molaculaa.  An  ion  created  in  thia  proceaa  uaually  haa 
little  kinetic  energy  (~  O.leV).  The  electric  potential  well 
depth  in  eV,  on  the  other  hand,  can  be  roughly  written 
aa  0.2  X  I{mA)  for  typical  accumulator  conditiona.  Thia 
will  mean  a  lOaV  deep  potential  well.  Therefore,  iona  have 
far  laaa  initial  energy  needed  to  eacape  the  beam  trapping 
field  and  drift  to  e.g.  IDEA  probe.  With  the  detector  and 
beam  pipe  geometry,  the  energy  fiux  carried  by  the  fiow 
of  iona  ia  eatimated  to  be  on  the  order  of  IQOGeV/tee. 
Since  raaidual  gaa  ia  at  room  temperature,  or  "tunnel  tem¬ 
perature”  to  be  exact,  which  at  the  hotteat  ia  about  40- 
S0*C,  ion-gaa  coiliaiona  are,  on  average,  energy  depleting 
intaractiona  for  the  iona.  Other  interactiona  with  the  en¬ 
vironment  include  charge  exchange  with  neutral  molecules 
(»  atoms,  re-combination  with  electrons.  For  accumulator 
cemditions,  the  former  ia  estimated  to  have  an  lifetime  of 
lO-lOOaec,  while  the  latter  has  an  estimated  lifetime  or¬ 
ders  of  magnitudes  higher  and  can  thus  be  ignored.  The 
charge  exchange  proceaa  essentially  causes  the  ion  to  lose 
almost  all  of  its  kinetic  energy  to  an  escaping  neutral  par¬ 
ticle,  for  which  the  IDEA  probe  haa  a  very  small  detection 
afficiency[2].  However,  a  potentially  energy  gaining  inter¬ 
action  for  ions  is  that  with  the  beam.  Beam  particles  have 
an  rms  transverse  energy  of  a  few  MeV,  and  they  have 
both  longitudinal  and  transverae  Schottky  noise  which  can 
potentially  heat  the  trapped  iona  relatively  fast.  A  more 
quantitative  investigation  of  this  mechanism  ia  in  progress. 


Conclusion 

The  Ion  Detector  and  Energy  Analyser  haa  been  used  to 
successfully  detect  ions  escaping  the  pbar  beam  potential 
well  and  measure  their  energy  distribution.  Ions  have  un¬ 
expectedly  high  temperatures  and  their  source  of  energy 
needs  mwte  explanation,  ions  have  been  directly  observed 
participating  resonantly  with  the  beam  coherent  oscilla¬ 
tions  which  have  led  to  emittance  growth.  The  observa- 


Figure  7:  IDEA  count  rate  at  emittance  blowup 


tion  of  the  effect  of  ions’  longitudinal  motion  is  however 
obstructed  by  the  crossing  angle  of  the  detector  and  the 
beam. 
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Abstract 

The  magnetic  self-focusing  of  a  relativistic  electron  beam 
propagating  through  a  plasma  is  demonstrated.  The  plasma 
whkh  is  imxluced  by  an  RF  discharge  in  a  glass  lube  with  no 
externally  applied  magnetic  field,  focuses  a  3.5  MeV.  25  ps 
(FWHM)  long  electron  beam  from  an  initial  size  of  2.5  mm 
(FWHM)  to  about  0.5  mm  (FWHM)  at  a  focal  length  of  18 
cm. 

I.  INTRODUCTION 

A  relativistic  electron  beam  propagating  through  a  plasma 
can  self  pinch  due  to  its  self  generated  azimuthal  magnetic 
field!  ll-  In  vacuum,  the  beam  generated  Loreniz  force 
counteracts  the  radial  space  charge  force  and  the  beam 
propagates  with  an  equilibrium  radius.  As  the  beam  enteis  the 
plasma,  the  plasma  electrons  re-distribute  themselves  to 
charge  neutralize  the  beam.  If  the  beam  radius  is  small  (r  < 
c/tep  s  collisionless  skin  depth),  most  of  the  plasma  return 
currents  will  flow  outside  of  the  beam.  As  a  result,  the  beam 
magnetic  field  will  not  be  redticed  appreciably  within  the 
beam,  and  it  will  focus  under  its  own  radial  Lorentz  force. 
This  mechanism  can  be  used  to  generate  focusing  gradients 
exceeding  MG/cm  which  is  several  orders  of  magnitude 
greater  than  the  strength  of  conventional  qu.'tdrupole 
magnets[21. 

While  a  large  number  of  theoretical  studies[2],[3]  of  this 
effect  have  been  performed,  there  have  been  only  two 
experimental  .studies(4],[5].  In  the  first  experiment(4).  the 
plasma  length  (35  cm)  was  much  longer  than  the  focal  length 


(8  cm),  and  the  spot  size  was  measured  outside  of  the  plasma 
column.  In  the  second  experiment(5],  the  beam  focused 
outside  of  the  plasma  column  but  the  amount  of  radial 
focusing  was  very  limited  (in  some  cases  the  spot  size 
variations  were  within  the  experimental  errors ).  In  this  paper, 
we  report  on  a  plasma  lens  experiment  at  UCLA,  where  a  3.5 
MeV  electron  beam  was  focused  from  an  initial  spot  size  of 
2.5  mm  (FWHM)  to  about  0.5  mm.  well  outside  of  the  plasma 
column. 

II.  EXPERIMENTAL  SETUP 

The  experiment  was  performed  with  the  UCLA's  4.5 
MeV,  laser  driven  RF  gun|6].  The  gun  is  capable  of  producing 
very  short  (t  <  10  ps)  electron  bunches  ((}  >  1  nC,  Ipeak  > 
100  A)  at  1  Hz.  In  order  to  simplify  the  diagnostics,  the 
electron  bunches  were  stretched  to  about  25  ps  (FWHM)  by 
illuminating  the  cathode  with  a  longer  laser  pulse.  The  photo 
electrons  are  accelerated  to  about  3.5  Mev  in  the  1.5  cell  RF 
gun  and  transported  using  a  focusing  solenoid  and  four 
steering  magnets  to  the  plasma  chamber  2  m  downstream  of 
the  gun  (Figure  1).  The  plasma  chamber  which  is  filled  with 
Ar  gas  up  to  a  pressure  of  30  mToir  is  connected  to  the  RF 
gun  (p  <  5  X  10'^  Torr)  through  a  windowl^,  two  stage 
differential  pumping  system  (Figure  1).  Each  pumping  stage 
consists  of  a  low  conductance  tube  followed  by  a 
turbomolecular  pump.  The  first  stage  maintains  a  pressure 
differential  of  three  orders  of  magnitude;  while  the  second,  a 
differential  of  two  orders  of  magnitude.  The  electron  beam 
which  initially  contains  up  to  1.5  nC  of  charge,  is  scraped  by 
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Figure  I.  Experimental  Setup 
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the  two  low  conductance  tubes,  and  a  maximum  charge  of  0.6 
nC  is  transported  to  the  plasma  chamber.  Beam  diagnostics 
include:  phosphor  screens  both  upstream  and  downstream  of 
the  plasma  chamber,  retractable  faraday  cups,  a  current 
transformer  for  non-destructive  measurement  of  beam  charge, 
and  a  Cerenkov  radiator  downstream  of  the  plasma  chamber. 

The  plasma  is  produced  by  an  RF  discharge  in  a  glass 
tube  (diam.  •  1.7  cm,  length  a  10  cm)  with  no  external 
magnetic  field.  The  RF  amplifier  (10-20  MHz,  800  W)  is 
connected  via  a  capacitive  tuning  circuit  to  a  helical  antenna 
wrapped  on  the  outside  of  the  glass  tube  filled  with  Argon 
gas.  The  helical  antenna  (S  cm  long,  12  turns)  induces  large 
azimuthal  electric  fields  insiite  the  tube  where  the  Ar  gas  is 
ionized  by  impact  ionization.  Under  (^timum  tuning,  about 
75%  of  the  input  RF  power  is  coupled  to  the  plasma.  The  RF 
plasma  density  is  diagnosed  by  a  small  cylindrical  (diam.  s 
0.76  mm,  length  =  2.5  mm)  Langmuir  probe.  Figures  2(a)  and 
(b)  show  typical  radial  and  axial  density  profiles.  The  radial 
profile,  measured  at  an  axial  position  0.5  cm  away  from  the 
edge  of  the  antenna,  has  a  flat  profile  in  the  middle  and 
decreases  sharply  near  the  tube  wall!.  Axially,  the  plasma 
density  peaks  under  the  antenna  and  falls  rapidly  away  from 


a) 


r(rruT») 


(b) 


Figure  2.  (a)  Radial  profile  of  plasma  density,  (b)  Axial 
profile  of  plasma  density. 


the  antenna  (n/Vn  =  5  cm).  The  density  directly  underneath 
the  antenna  cannot  be  measured  because  the  Langmuir  probe 
perturbs  the  RF  discharge.  The  plasma  doisity  can  be  varied 
over  an  order  of  magnitude  by  varying  the  gas  pressure  and 
the  RF  power. 

The  plasma  density  has  to  be  high  enough  to  charge 
neutralize  the  beam  in  a  time  less  than  the  electron  bunch 
length  t  =  25  ps;  i.e.  ttOp  >l  where  Wp  =  (4icne2/in)*^. 
Hence,  the  minimum  requir^  plasma  density  is  n  «  5  x  10^^ 
cm*^  which  can  easily  be  attained  by  this  source.  The 
transverse  beam  size  is  about  3  mm  FWHM  (<  c/o)p)  at  the 
entrance  of  plasma  which  imnlies  that  the  beam  density  is 
aM>roximately  n|,  <  4  x  10^°  cm'^  (nj,  <  i.c..  0»e 

lens  operates  in  "overdense"  plasma  regime.  One  can  roughly 
estimate  the  focal  length  of  the  lens  flom  the  "thin"  lens 
approximation ,  which  is  given  by(2] 

f  =  (c/(0bp)^(2')/l) 

where  f  is  the  focal  length,  I  is  the  plasma  length,  c  is  speed  of 
light,  and  (o^p  is  the  beam  plasma  angular  frequency.  For  a  5 
cm  long  plasma  and  a  typical  beam  density  of  3  xlO^^cm'^, 
the  predicted  focal  length  is  about  27  cm.  The  focal  length 


calculation  is  for  a  beam  with  uniform  density  in  space  and 
time.  In  reality,  the  focal  strength  of  the  lens  is  not  constant 
and  has  both  longitudinal  and  radial  variations. 

III.  EXPERIMENTAL  RESULTS 

The  time  integrated  electron  beam  size  and  the  total 
charge  were  measured  22  cm  upstream  of  the  plasma.  The 
beam  is  about  2.5  mm  FWHM  in  the  vertical  dimension,  and 
contains  up  to  .6  nC  of  charge.  The  electron  bunch  length  is 
measured  27  cm  downstream  of  plasma  source  by  streaking 
the  Cerenkov  ligh  from  a  0.5  mm  thick  fused  silica[71.  Figure 
3  shows  the  temporal  profile  of  the  electron  bunch.  It  has  a 
sharp  rise  and  a  fairly  long  tail.  The  electron  beam  propagates 
through  the  pla.sma  and  hits  the  first  phosphor  screen  18  cm 
downstream  of  the  plasma.  Figure  4(a)  shows  the  time 
integrated  beam  size  at  the  first  phosphor  screen  with  no 
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Vertical  Dimension  (mm) 

Figure  3.  (a)  Unfocused  beam  image  18  cm  downstream  of  plasma,  source,  (b)  Vertical  line  out  of  image  (a),  (c)  Focused 
beam  image,  (d)  Vertical  line  out  of  image  (c). 


plasma.  The  beam  dimensions  are  measured  by  taking  either  a 
vertical  or  horizontal  line-out  through  the  pixel  with  the 
highest  intensity.  As  Figure  4  (b)  shows,  the  vertical 
dimension  of  the  unfocused  beam  is  about  3.2  mm  FWHM. 
When  the  plasma  is  turned  on,  the  beam  focuses  down  to 
about  0.55  mm  (Figs.  4  (c)  and  (d)).  The  .spot  size  increases  to 
about  1.1  mm  at  a  second  phosphor  screen.  22  cm 
downstream  of  the  first.  The  apparent  plasma  focal  length  (18 
cm)  is  shorter  than  that  predicted  from  the  thin  lens 
approximation  (27  cm).  This  can  be  attributed  in  part  to  the 
Hnite  length  of  the  plasma.  As  the  beam  propagates  through 
the  plasma,  it  begins  to  focus  within  the  lens,  increases  its 
density,  and  shortens  the  lens  focal  length. 

IV.  FUTURE  WORK 

To  learn  more  about  the  time  dependent  focusing  of  the 
beam,  the  Cerenkov  radiation  from  the  focused  electron  beam 
has  been  streaked  using  a  fast  streak  camera  (temporal 
resolution  =  3.5  ps).  Currently,  we  are  in  the  proce.ss  of 
analyzing  these  results  which  will  be  reported  elsewhere.  We 
also  plan  to  investigate  the  effects  of  beam  and  plasma  density 


on  the  focusing.  Furthermore,  experimental  results  will  be 
compared  with  both  particle  simulation  and  analytical 
calculation  results. 
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Abstract 

The  physical  processes  in  the  magnetized  plasma  waveguide, 
in  which  the  high-current  relativistic  electron  beam  (Sudan 
parameter  5  >  1)  is  injected,  are  investigated  by  the  devel¬ 
oped  2.S-D  relativistic  electromagnetic  code.  The  computer 
study  has  shown  that  the  charge  and  current  compensations 
of  the  high-current  beam  are  considerably  different  from  those 
of  the  low-current  beam.  In  addition  the  self-consistent  elec¬ 
tromagnetic  fields  generated  by  a  beam  at  the  initial  state 
radically  alter  both  the  linear  and  the  nonlinear  instability 
stages. 

I  INTRODUCTION 

The  advantages  of  a  use  of  the  high-current  relativis¬ 
tic  electron  beam  (HCREB)  for  development  of  a  powerful 
electromagnetic  radiation  sources,  and  the  new  type  acceler¬ 
ators  based  on  the  collective  methods  of  the  particles  accel¬ 
eration,  and  etc.  are  presented  in  [l]-[3].  It  was  noted  that 
the  simultaneous  growth  both  of  the  beam  energy  and  the 
non-equilibrium  degree  of  a  system  defining  by  the  Sudan  pa¬ 
rameter  5  =  (nt/n«)^/^7  (n^,  n«  are  the  beam  and  plasma 
densities,  7  is  the  relativistic  factor)  is  a  very  important  fact. 
In  the  unbounded  systems  this  can  results  in  the  decrease  of 
the  energy  (at  5  >  1)  transferring  from  a  beam  to  the  plasma 
for  the  oscillations  excitation.  In  the  system  bounded  in  the 
radial  direction  this  fact  decreases  the  efficiency  of  the  elec¬ 
tromagnetic  waves  radiation  due  to  the  oscillations  excitation 
with  the  small  ratio  between  the  transverse  and  longitudinal 
components  [3,  4].  Cerenkov  mechanism  was  proved  to  be 
changed  to  the  anomalous  Doppler  mechanism  for  HCREB 
[5].  This  allows  to  remain  the  high  efficiency  of  the  electro¬ 
magnetic  radiation  at  the  certain  parameters  of  a  system  such 
as  the  magnetized  plasma  waveguide  (MPW)  -  HCREB. 

The  equilibrium  and  stability  conditions  of  HCREB  were 
investigated  in  many  works  (sec  Refs,  in  [l]-{5]).  The  injec¬ 
tion  of  the  low-current  (54Cl)  stringent  REB  is  also  studied 
in  detail  both  with  the  magnetic  field  and  without  field.  It 
was  shown  if  the  beam  radius  a  to  be  greater  than  the  skin- 
depth  Ac  =  c/ut  (c  is  the  light  velocity,  Ue  is  the  Langmuir 
plasma  frequency)  the  beam  current  is  compensated  by  a 
return  plasma  current  damping  in  a  plasma  with  the  finite 
conductivity.  The  external  magnetic  field  modifies  the  cur¬ 
rent  compensation  condition  to  the  form  a:>Ac(l  Q~ 

(De  is  the  Larmor  electron  frequency). 

In  this  work  both  the  charge-current  compensation  and 
the  stability  of  HCREB  (5  >  1)  in  MPW  are  investigated. 
The  hollow  narrow  beam  of  the  a  radius  and  of  the  At  thick- 
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ness  (so  that  At  <  c/u>e,  but  a  >  c/ue)  is  considered,  and 
the  hollow  wide  beam  with  At^sr^  (r^  is  the  waveguide  ra¬ 
dius)  is  also.  In  the  both  cases  the  Cerenkov  resonance  con¬ 
dition  of  the  beam  with  the  plasma  wave  is  not  valid  i.e. 
7  >  Wt/[ekx,)  (bx  is  *  transverse  wave  number).  For  corrt- 
parison,  the  study  of  the  low-current  beam  is  also  presented. 

II  MODEL  AND  EQUATIONS 

In  order  to  study  the  dynamics  of  a  collisionless  plasma 
with  the  relativistic  electron  beam  in  both  the  self-consistent 
and  the  external  electromagnetic  fields  in  axisymmetric 
{d/dO  =  0)  geometry,  we  use  the  set  of  relativistic  Vlasov's 
equations  for  the  distribution  functions  of  the  given  type 
of  particles  Here  p  =  mtvy,  v  —  {r,rd,  i}, 

7  =  [1  —  (I  v  l/c)*]  is  the  relativistic  factor,  R  =  {r,  z}. 
The  self-consistent  electromagnetic  fields  in  Vlasov's  equa¬ 
tion  are  determined  by  Maxwell's  equations  in  the  form  of 
wave  equations  for  the  dimensionless  scalar  ^  and  vector  4 
potentials  in  which  the  right  side  is  defined  by  the  total  charge 
and  current  densities  [6]. 

We  will  consider  the  infinite  value  of  the  uniform  external 
magnetic  field  H-*oo  then  the  motion  of  the  particles  can 
be  treated  as  the  one-dimensional.  Thus  we  have  the  only 
equation  of  the  motion  and  the  equations  for  the  potentials 
<(t{r,z)  and  A,(r,z). 

In  these  equations  the  quantities  involved  are  used  in 
the  dimensionless  form:  [v]  =  c;  [r,  r]  =  c/w*;  [<]  = 

[nj  =  no*;  [?]  =  e;  [m]  =  mo;  [<t»,A]  =  5efc/c;  [E,  fl]  = 
(AwnoeSeh)^^^',  [J]  =  CTioeC,  where  We  =  (4»’noee*/mo)*^^ 
is  the  electron  plasma  frequency,  €ch  =  moc^  is  the  rest 
energy  of  the  beam  electron,  noe,  mo,  e  are  the  initial  density, 
rest  mass  and  charge  of  the  electrons  respectively. 

The  dimensionless  equation  of  motion,  obtained  as  char¬ 
acteristic  equation  of  Vlasov's  equation,  was  written  as 

dt  m  \  dz ) 

where  u,  =  70,.  7  =  [1  -f 

The  boundary  conditions  for  the  potentials  are 

r  =  0  :  d^ldr  =dAtldr  =  0; 
r  —  rL-  ^  =  i4,  =  0; 


The  initial  conditions  for  the  self-consistent  fields  are 
A^  =  — p,  At  =  0.  Here  A  is  Laplassian. 
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Th*  boundary  conditions  for  tha  distribution  functions 
sat  tba  Maxwtllian  distribution  for  plasma  partidcs  with  tha 
tamparatura  T  at  (z  s  0, :  =  st)  and  tha  hollow  dactron 
baam  ii^jaction  at  z  =  0:  /»(niou«,  ^,<)  =  6{u,  -  uos)  at 
and  u<  >  0.  thay  ara  equal  to  zero  at  z  =  xl- 
Hara  ,  rmn  *nd  r„,as  arc  the  minimum  and  maximum  beams 
radii  respectively,  um  =:  14/(1  -  ^  is  a  beam  veloc¬ 

ity.  At  the  initial  time,  the  distribution  functions  arc  equal  to 
Maxwellian  for  the  plasma  particles  and  equal  to  zero  for  the 
beam  electrons. 

The  present  model  is  a  particular  rase  of  the  general 
2.5-diiTMnsional  cylindrical  model  [6].  We  have  used  the  ver¬ 
sion  of  the  general  computer  code  for  the  investigation  of  a 
relativistic  beam  dynamics  in  the  plasma  waveguide. 

Ill  COMPUTER  SIMULATION 

Let  a  hollow  magnetized  electron  beam  with  velocity  14 
be  injected  along  the  z-axis  into  the  plasma  waveguide  under 
th<«  external  magnetic  field.  The  beam  current  density  is  equal 
to  qtn^Vi.  In  the  calculations  we  assumed  the  mass  ratio  to 
be  m,/m«  =  100,  m*  =  20mo,  m*  =  nto,  the  number 
of  particles  in  the  cell  was  N,  =  Ni  =  4,  A/s  =  100  for 
narrow  beam  and  A/s  =  20  for  wide  beam.  The  electron  beam 
velocity  was  supposed  14^0.995,  i.e  7  =  10.  The  length  and 
radius  of  the  waveguide  were  zt  =  127.'  and  ri  =  7.5.  The 
plasma  temperature  is  equal  to  T  =  2-10~^.  The  number  of 
points  and  the  time  step  for  solving  Maxwell's  equations  were 
=  (16x250)  and  Ar  =  0.025.  The  time  step  for 
solving  of  the  equation  of  the  motion  is  equal  to  At  =  0.1. 
Three  variants  were  run  with  the  following  parameters; 


No.  oT  CMt 
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2 

3  1 
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2- 

7. 

At 

■a 
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7.94 

3.68 

oa 

Em 

Em 

ramsKH 

1.71 

1.71 

The  results  of  the  computer  simulation  are  presented  in 
figures  1,2,3  according  to  the  number  of  variants.  In  the 
figures  it  is  shown  the  longitudinal  section  of  the  cylindrical 
system  at  the  line  r  =  1.75  i.e.  along  the  beam  line.  It  is 
clearly  seen  that  the  beam  front  excites  the  plasma  and  the 
disturbances  are  high  i.e.  the  plasma  is  nonlinear  both  in  the 
cases  of  the  narrow  beams  and  in  the  case  of  the  wide  beam. 
The  devetopment  of  the  beam  instability  occurs  only  for  the 
wide  beam  (see  fig.2)  as  the  Cerenkov  resonance  condition 
7  <  (u«/(dbx)  is  not  valid  but  the  beam  current  is  greater 
the  threshold  value.  The  fact  is  important  that  the  instabil¬ 
ity  development  takes  place  without  the  charge  and  current 
compensations  and  this  essentially  influences  on  both  the  ex¬ 
citations  dynamics  and  the  electromagnetic  fields  spectrum. 
The  almost  entire  charge  compensation  occurs  for  the  nar¬ 
row  beams  (As  <  c/W()  as  the  potential  distributions  show 
in  fig.la,3a  at  f  =  160.  No  current  compensation  are  avail¬ 
able  both  in  the  case  of  the  high  density  beam  (fig.  lb)  and 
in  the  case  of  low  density  beam  (fig.  3b). 

Thus  the  self-consistent  electromagnetic  fields  generated 
by  a  beam  at  the  initial  state  radically  alter  both  the  linear 
and  the  nonlinear  instability  stagei. 


0.00. 


-0.25. 


ts80 


»<v>vy 


O.OO4- 


H - 1- 


-0.25. 


t»110 


/A^«.Av 


— I - 1 - H 


t»160 


-0. 25-jl|W('A\^^^ 

“ife  aS  eb  *  eh  ite  fto 


(b) 


Figure  I :  The  longitudinal  section  {r^  —  I .  ro)  of  (a)  the  scalar  potentials  z)  and  (b)  the  axial  current  density  j*  (rs,  z) 
for  the  narrow  high-current  beam  along  the  beam  line  at  1  =  80.  t  =  110.  /  =  160. 
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Figure  3;  The  longitudinal  section  (r»  =  1.75)  of  (a)  the  scalar 

for  the  narrow  low-current  beam  along  the  beam  line  at  t  =  80. 
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Absomet 

We  have  imiileled  tbe  proton  traa^iort  oi  tbe  6-kA, 
1-MV  GAMBLE  n  experinwal  ottag  a  modified  version  of 
tbe  IPRCV  partkie-b-oel  code.  IPROP  now  uses  a  hybrid 
aaoddi  in  wlncb  planaa  dectrana  are  <fivided  into  bi^bcnergy 
macro  particle  •int  tbermal>flind  co*f*ponf****  This  model 
if  tariff  **laiodt*on’*  bonad-dectron  finttftw?**  «imI  runaway 
sonrces  for  high-energy  electrons.  Using  IPROP,  we  have 
calculated  net  cmrents  in  reasonable  agreement  vrith  the 
experiment  ranging  from  5-'ll%  of  the  total  current  in 
{Measures  from  0.2S-4  torr  helium.  In  Che  simulatinns,  the 
pinch  current  sample  by  the  l.S-cm  beam  was  2-3  times 
larger  than  the  net  current  at  4-cm  radins.  The  attenuation 
of  net  current  at  larger  radii  was  tbe  result  of  a  hi^ily- 
enndnetive  energetic  component  of  {dasnu  electrons  sur* 
roumfing  the  beam. 

Having  bendunarhed  IPROP  experiment,  we 

have  examined  higher-current  ion  beams  with  reflect  to 
poasfole  tran^Mrt  for  inertial  confinement  fusion.  We 
present  some  preliminary  finfings. 

I.  INTRODUCTION 

The  effideat  tranqMMt  and  focosiiig  of  intense  km  beams 
is  essential  for  ion-driven  inertial  confinement  fusion 
(ICF).*’^  Research  in  the  area  of  km-beam  transport  is 
just  beginning.  Two  of  die  basic  conorots  considered  for  km 
beanm  are  baffistic*  and  setf-fmicliecr  transfwrt.  In  the 
ballistic  mode,  a  low-pressure  gas  provides  near  ballistic 
tranqmct  by  effectively  neutralizing  dl  self  fields.  The  most 
rariring  concqit  is  self-pinched  tranqimrt  where  the  gas  and 
gas  pressure  (-1  torr)  are  chosen  to  provide  on^r  {mrtial 
current  neutralization  so  dmt  the  residual  magnetic  field 
confines  the  beam.  If  suffidently-hii^  magnetic  fields  can  be 
attained,  even  a  hot  bemn  can  be  pindied  and  the  denumds 
on  accelerator  emittaaoe  becomes  somewhat  less  stringent 

Tbe  physics  of  the  ballistic  and  self-pinched  transfXMt  is 
comolcat  characterized  by  nanosecond  breakdown  of  the 
gas.^  Extremehr  r^nd  gas  breakdown  is  necessary  for  the 
>99%  current  neutralizatioo  desired  for  good  baOntic 
transport  For  setf-pniched  transport,  sufficient  magnetic 
field  must  penetrate  the  plasma  gmierated  in  the  gas  to 
provide  the  confinement  before  the  gas  becomes  highly 
conductive.  The  bredtdown  process  is  dominated  by  an 
electric-field  driven  avalandie  of  secondary  electrons  whidi 
may  mvolve  sufficient  fields  to  produce  electron  runaway.^ 


The  transport  of  foese  plasma  cJectroas  into  dm  ion  beam 
to  provide  nentrafization  may  be  hiadered  by  applied  or 
berm-generated  magnetic  fields.  In  addition,  at  the  pres¬ 
sures  near  a  torr,  electron  ExB  drift  asay  be  m  unimrtant  as 
Ohmic  current  (oE),  where  the  conductivity  e  « 
rtf  b  the  plasma  dectroa  density  and  v^  is  dm  momentum 
transfer  frequeaqr-  We  have  modfied  the  DTtOP  charged- 
{Muftide  propagatirm  oode,^  whmh  had  umd  a  «"«»pi* 
scalar  comhmtivity  asodel  for  pimau  electrons,  mio  a  hybrid 
code  vriiich  assumra  plasma  dectrons  have  both  fluid  and 
high-energy  partide  com{Kments.  Hus  arodd  iimhides  a 
formalism  for  electron  runaway. 

In  this  paper,  we  first  discuss  the  modifications  to  the 
IPROP  code  necessary  to  modd  breakdown  in  a  low- 
{uessure  gas.  Usmg  dm  new  aaodeling,  we  present  simnia- 
tions  of  die  GAMBLE  D  proton  trans|>ort  experhnent  at 
Navd  Research  Laboratory  (NRL).  Energetic  plasma 
electrons  are  shown  to  greatly  attenuate  net  currents  (beam 
plus  plasma  current)  outside  the  ion  beans.  We  dmn 
proceed  to  discuss  preliminary  fimfings  for  hi^i-corrent  ion 
beams  wkh  respect  to  ballistic  and  setf-pindmd  transport  for 
ICF. 

n.  HYBRID  PLASMA-ELECmON  MODEL 

The  behavior  of  the  secondvy  plasma  eketrons  is  the 
k^  to  quantifying  the  gas  breakdown  driven  by  an  intease 
ion  beam.  If  dm  plasma-electroo  {wpolatioa  ranains  highly 
coilisiond  with  a  theimd  (fistribudon,  plasma  electrons  drift 
ami  diffuse  slonfy.  However,  energetic  electrons  (>  100  eV) 
have  modi  longer  mean-free  paths.  Tbe  non-lo^  energy 
deposition  of  these  fast  secondaries  carries  conductivity  away 
fiom  or  evm  ahead  of  the  beam.  In  addftion,  these  elec¬ 
trons  have  a  modi  smaller  coOisioo  freqoeaqr  and,  thus, 
contribute  more  to  conductivity.  The  energetic  dectrons 
attempt  to  decrease  the  net  current  as  thty  co-move  with  the 
ion  beam,  Thus,  a  non-thermd  cornfMoent  to  the  plasma- 
electron  distribution  has  a  s^nificant  impact  on  gm  break¬ 
down. 

The  two  sources  of  energetic  electrons  ate  "knodr-on” 
collisions  and  runawty.  The  velocity  distribotion  of  knodi- 
on  bound  electrons  is  forward-directed  in  an  imfiact  ioniza¬ 
tion  evem.  The  energy  distribotion  is  rou^dy  as  1/E^  with 
the  maximum  secondary  velocity  that  of  the  im|iactiiig 
dectron  or  twice  the  imiwcting  ion  velocity.  If  an  electron 
in  an  electric  field  mcreasingfy  gains  momentum  between 
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coBwom,  it  it  uid  to  be  ia  nauNvay.  Ronaway  m  a  gjhiea 
gas  typicaBy  oocurs  above  aoeae  E/p  threshold.  As  the  gas 
breaks  doa^  the  rishig  current  drives  an  indnctive  electric 
field  whidi  ^tempts  to  resist  further  net-current  rhe.  Hus 
field  pashes  electrons  ahead  of  the  ion  beam.  Foraneakly 
relathriatk  ion  beam,  the  bemn  qpace  charge  precedes  the 
beam  front  wUdi  draws  in  electnms.  These  trapped 
electrons  have  a  stroi^  effect  on  both  net  current,  and 
poss9)fy,  iastabifity  growth. 

We  halve  characterized  the  ruaaw^f  phenomenon  vrith 
the  nc  code  IPROP.  By  turning  off  the  electromagnetic 
field  aoKm  and  substituting  uniform  electric  (and/ru' 
magnetic)  fields,  we  allow  swarms  of  electrons  to  drift  in  the 
field  and  scatter  elastkafiy  and  inelastically  (including 
ionization,  wUdi  creates  new  particles)  with  various  gases 
(Ar,  Nj,  and  He).  The  elastic  scattering  is  assumed  to  be 
isotropic  with  momentum-transfer  cross  sections  taken  from 
ejqierimeatal  data.  Uring  an  initial  10,000  partides,  we 
aiquoximate  the  full  velocity  distrSnition  and  characterized 
drift  velocities,  electron  average  energies,  and  collision 
frequencies. 

To  determiiK  the  source  of  runaway  dectrons  as  a 
function  of  E/p,  we  define  a  cutoff  energy.  Eg,  above  which 
an  acceleratmg  electron  is  assumed  to  be  in  runaway.  We 
tyiMcally  choose  Eg  >  100  eV  for  two  reasons.  First, 
electrons  below  100  eV  camiot  move  far  on  the  nanosecond 
time  scale  of  gas  breakdown.  Second,  for  E  >  100  eV, 
electron  bindiiig  energies  become  less  important  and 
dedines  rapidly.  The  steady-state  depletion  rate  (a,.)  of  low- 
energy  plasma  electrons  accelerating  past  Eg  scales  as  (E/p)^ 
for  nitrogen  and  hdinm.  The  nmaway  depletion  exceeds  the 
avalanche  [uoduction  rate  for  electrons  below  100  eV  when 
E/p  >  2  MV/cm-atm  in  N2  and  >0J  MV/cm-atm  for  He. 
The  velodty  distribution  of  the  runaways  as  they  exceed  Eg 
is  peaked  m  the  direction  of  E.  The  root-mean  squared 
(RMS)  velocity  perpendicular  to  E  is  roughly  that  of  the 
velocity  parallel  to  E  with  only  a  slight  dependence  on  E/p. 
At  very  high  E/p,  the  velocity  becomes  more  strongly  peak^ 
in  the  E  direction.  The  runaway  electrons  can  be  incorporat¬ 
ed  into  a  simulation  code  as  a  vdumetric  source  cd  new 
macro  particles  emitted  from  a  colder  fluid  of  electrons. 

Having  characterized  the  runaway  source,  in  IPROP  we 
now  divide  plasma  electrons  into  two  components:  a  low- 
energy  electron  fluid  and  a  mobile  high-energy  macro 
particle  group.  We  model  the  bulk  of  the  electrons  as  a 
fluid,  particularly  late  in  time  when  the  plasma  b  coDisional 
and  densities  are  high,  to  avoid  temporal  resolution  of  the 
{dasma  osdllatioas  vriiich  should  physically  damp.  Hasma 
electrons  with  energies  £  <  Eg  eV  are  treated  as  a  fluid  with 
Tg,  and  a  —  all  functkms  of  E/p  and  p.  Electrons  can 
ekhm  be  removed  from  the  fluid  through  the  runaway  sink 
or  be  added  to  the  fluid  due  to  electrons  slowing  down 
below  Eg.  Macro-particle  electrcms  are  created  due  to 
runaway  and  energetic  forward  scattering  ctf  a  bound 
electron  frcmi  a  neutral  gas  molecule,  vriiidi  produces  an 
electron  with  energy  above  Eg. 


In  IPROP,  Maxweffs  equations  are  solved  with  two 
currma-denrity  sources  and  (macro  paitkfes  and  fluid 
plasma).  is  simply  the  sum  of  aO  macro-particle  current 
that  of  plasma-ekctroo  (£  >  Eg),  beam  and  wall 
emissioa  particles.  The  fluid  plasma  motion  is  the  sum  of 
Ohmic  airrents  and  electroa  ExB  drift  (ions  can  not  move 
on  breakdown  time  scales). 

m.  GAMBLE  n  SIMULATIONS 

When  plasma-electron  motion  is  not  inhibited  by  strong 
external  magnetic  fields,  the  net  current  produced  by  an  ion 
beam  in  an  ~l-torr  gas  may  be  quite  small  as  described  in 
Section  n.  The  GAMBLE  n  proton  beam  eqteriment  at 
NRL  produced  net  curroits  that  were  only  a  few  percent  of 
the  4-^  kA  (30  ns  rise  time)  inroton  current^  The  eiqieri- 
mental  and  simulation  geometry  consisted  of  a  20-cm  long, 
7£-cm  radius  metal  ppe  and  a  l.S-cm  proton  beam  with  a 
50  milliradian  diver^nce.  We  assume  omstant  energy 
(0.7-1  MV)  and  a  shot-dependent  current  rise  to  a  constant 
current.  The  total  beam  pulse  length  was  68  ns.  For  direct 
comparison  with  e:q>eriment,  we  positioned  a  probe  at 
z  >=  11  cm  and  a  4-ct  radius.  The  net  current  measured  at 
r  »  4  cm  is  not  necessarily  tlm  [unch  current  sampled  by  the 
ion  beam.  The  »imnl«tiftn<  suggest  that  «ignitMr«irf  jrfasma 
current  exists  between  the  beam  and  the  monitor,  reducing 
the  observed  net  current  up  to  a  factor  of  3.  For  three 
helium  shots,  IPROP  and  aqwrimental  net  current  fractions 
(net  current  to  beam  current  ratio,  fg^i)  at  r  «  4  cm  were 
compared.  We  find  agreement  of  the  IPROP  code  calcula¬ 
tions  at  r  =  4  cm  to  within  30%  of  the  measurements  with 
0.047-0.106  net  current  fractions. 

The  effect  of  energetic  secondaries,  of  which  electron 
runaway  is  the  primary  source  early  in  time  and  kiuxk-cms 
late  in  time,  is  to  further  attenuate  magnetic  fields  outside 
the  beam  radius.  In  Fig.  1,  we  compare  the  radial  depen¬ 
dence  of  the  net  current  for  IPROP  simulations  with  and 
without  the  energetic  electron  component  fm  shot  5479  at 
1  torr.  Although  the  net  current  at  4  cm  in  the  full  IPROP 
simulation  is  tmly  half  that  of  the  simulation  without 
runaways  (and  knodc-ons),  the  net  current  at  the  beam 
radius  is  actually  enhanced  20%.  In  the  full  simulation,  hot 
electrons  diffuse  outwardly  in  radius  and  produce  additional 
secondary  electrons  in  the  runaway  simulation.  These 
electrons  attenuate  the  net  current  greatly  at  lai^  radii  In 
the  beam  region  where  self-magnetic  fields  are  significant, 
the  hot  electrons  are  less  coUisional  than  the  thermal  fluid 
electrons  vrith  •  2-4  at  1  torr.  Any  further  decrease 

in  collisionality  degrades  the  conductivity  across  the  magnet¬ 
ic  field  lines.  Thus,  the  IPROP  simulations,  which  include 
energetic  electrons,  yield  a  greater  net  current  at  smaller 
radii  (10-20%  of  beam  current)  than  the  simulatkms 
vrithout  energetic  electrons. 
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Another  pronisiiy  for  ttdf-tmckcd 

trauport  onobee  pre-knitzatiaa  of  u  whibIw  pleraia 
channel  with  mner  mchns  roog^  that  of  the  beam  radna 
(amuilar  planna  transport.  APT)  in  a  <100  mlorr  gas. 
IPROP  and  IVORY  (a  put  PIC  electromagnetic  conshi  of 
IPROT)  lannihttinns  predict  a  6>20  kA  pinch  cnrrent  for  a 
SOkA,  iS-MeV  proton  beam  in  lfb>100  mtorr  rntrogen. 
The  pbsma  prowito  encelient  dhaige  neutrahation  emty  in 
time.  The  gas  provides  enoo^  colKsionality  to  rednoe  the 
current  neutralization  and  improve  die  dmige  neutraliintion 
at  the  higher  pressnres.  The  beam  sdf-fields  reached  an 
eqnilfijrinm  2  ns  into  the  puke  for  100  mtorr  pressure.  At 
pressures  of  <  100  mtorr,  the  plasma  chamid  is  necessary  to 
{wovide  the  condkinns  for  self-pindied  tranqiort 

V.  CONCLUSIONS 


Rg.  1.  The  net  current  fraction  calculated  at  all  radu  is 
plotted  for  IPROP  shnulatkwis  of  GAMBLE  II  ^bot 
5479  in  1  torr  helium  with  and  without  energetic 
electrons.  The  values  were  calculated  68  ns  into  the 
simulations  10  cm  frmn  iiyection.  The  maximum 
experimental  value  at  4-<m  is  also  plotted. 

IV.  INITIAL  fflOH-CURRENT  RESULTS 

We  have  begun  examining  transport  of  more  intense 
proton  beams  (50-500  kA,  0.75-3  cm  radii)  with  IPROP  and 
now  present  some  preliminary  results.  Simulations  show  a 
trend  to  higher  net  current  fractions  frv  mme  intense  beams 
in  lower-pressure  helium  gas  with  fraction  ranging  fircun 
1-12%  near  the  injectkm  plane.  Proqiects  for  good  ballistic 
lode  premising  for  large  radius  beams  (>1  cm)  in  helium 
near  1  torr.  The  net  current  may  actually  drop  with  pr<^- 
gation  distance  as  enmgetic  co-moving  electrons  build  up 
near  the  beam  fremt.  Pre-kmization  and  a  h^er  atcmiic 
number  gas  such  as  argon  reduced  net  current  fractiems  to 
<1%. 

We  simolitfed  a  100  kA,  5-MeV  proton  beam  vdiich 
eadiibited  adequate  self-pinched  ;»<yagation.  The  beam  was 
propagated  40  cm  showhig  a  (nnehing  radius  fw  beam  slices 
more  than  4  ns  into  the  beam  pulse.  This  time  corresptMids 
to  the  point  at  which  tlm  effective  pinch  current  exceeded 
2kA.  This  current  roughly  matches  the  20-miiliradiandiver- 
genoe  of  the  beam.  Ahhou^  the  maximum  (unch  current 
declined  away  from  the  injection  point,  a  pinch  current  of 
5  kA  (7  ns  into  the  beam  pulse)  was  calculated  20  beam 
radii  from  hqection. 


The  IPROP  code  has  been  modffied  to  include  a  hybrid 
model  for  plasma  electrons  in  udiidi  plasma  electrons  have 
fluid  and  hi^-energypartide  components.  The  Mgh  current 
neutralization  of  the  GAMBLE  O  proton  beam  was  found 
to  be  caused  by  a  halo  of  hi^ily  conductive  electrons  and 
their  secondaries  surroundii^  the  beam.  Prelimmaiy 
examination  of  km-beam  transport  for  IGF  shows  good 
baflistic  transport  for  >ltorrgas.  Sufficient  net  currents  for 
self-jwched  tranqxxt  kxdis  poss3)le  for  lower  pressures  and 
intense  beams.  The  use  an  annular  plasma  has  yielded 
10-40%  net  current  fractions  in  1-100  mtorr  nitrogen.  In 
future  work,  we  win  examine  long-distance  km-beam 
equilibrium  and  stability. 
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. \ hstvact 

A  collinear  wakefield  test  facility  using  two  linacs  with  a 
common  test  section  is  constructed.  Beams  from  one  linac 
excite  wakefields  in  a  test  medium  such  as  a  plasma,  while 
beams  from  the  other  linac  witness  the  wakefields.  The 
time  interval  between  the  two  beams  is  controllable  with 
iiii  accuracy  of''*  Ipsec.  Plasma  wakefield  acceleration  and 
plasma  lens  experiments  were  conducted  using  this  facility. 

1  INTRODUCTION 

Plasma  wakefield  acceleration  and  plasma  lens  experi¬ 
ments  were  conducted  using  a  collinear  wakefield  test 
facility(l].  This  facility  is  unique  in  that  it  consists  of 
two  identical  but  independent  linacs  which  are  called  twin- 
linacs,  while  in  other  wakefield  accelerators  one  linac  gen¬ 
erates  both  the  driving  and  witness  beams.  Beams  from 
one  linac  excite  wakefields  in  a  plasma,  while  beams  from 
the  other  linac  witness  the  wakefields.  The  time  interval 
between  the  two  beams  is  controllable  with  an  accuracy 
of  ~  Ipsec.  The  plasma  lens  experiments  were  conducted 
using  one  of  the  linacs,  while  the  acceleration  experiments 
were  conducted  using  both  of  them. 

2  EXPERIMENTAL  APPARATUS 

A  schematic  diagram  of  the  twin  linacs  is  shown  in  Pig.  1 . 
The  part  depicted  by  thick  lines  has  been  newly  con¬ 
structed.  Each  linac  can  generate  beams  in  three  schemes; 
an  isolated  single  bunch,  a  476  MHz  bunch  train  or  a  2856 
MHz  bunch  train.  Only  single  isolated  bunches  were  used 
in  these  experiments.  Because  the  two  beams  have  differ¬ 
ent  energies,  the  beamlines  were  joined  in  a  configuration 
inverse  to  that  of  an  energy  analyzer.  They  consist  of 
achromatic  lines  as  shown  in  Pig.  1 ,  each  of  which  has  two 
dipole  magnets  and  one  quadrupole  magnet.  The  two  lines 
share  one  dipole  magnet  BM3,  t.e.,  the  two  lines  merge 
at  BM3.  Particles  with  the  design  energy  are  focused 


Figure  1 :  Schematic  diagram  of  the  wakefield  accelerator. 
The  part  depicted  by  thick  lines  is  newly  constructed.  Dis¬ 
tances  between  magnets  are  given  in  mm.  The  length  of 
each  quadrupole  magnet  QMn  (n=l,2)  is  80mm.  The  dis¬ 
tance  between  two  linacs  is  750  mm  where  they  are  runn -'cr 
in  parallel. 

on  the  quadrupole  magnets  (QMl  and  QM2  in  Fig.  1). 
The  off-energy  particles  eire  dispersed  by  the  first  dipoles 
(BMl  and  BM2  in  Fig.  1),  and  focused  again  by  QMl 
and  QM2  onto  BM3.  Each  line  has  three  pairs  of  doublet 
quadrupoles  upstream,  permitting  fine  tuning  of  the  lat¬ 
tice.  The  fringe  angles  of  the  dipoles  are  designed  so  that 
the  0,0'  vetriables  at  the  entrance  of  the  BMl  and  BM2  are 
transposed  as  0,  -0'  at  the  exit  of  the  BM3.  This  configu¬ 
ration  transports  the  entire  drive  beam  into  the  test  region 
without  loss  due  to  energy  dispersion.  It  is  zdso  possible  to 
introduce  witness  beams  with  good  energy  resolution  by 
inserting  a  vertical  slit  at  the  position  of  the  quadrupole 
magnet. 

To  isolate  the  linacs  from  the  test  section,  we  adopted 
differential  pumping.  Previous  experience  on  plasma  lens 
experiments  informs  us  that  argon  gas  is  quite  harmful  to 
the  ion  pumps  used  in  the  linac  main  ducts{4].  Nitrogen 
was  adopted  as  a  working  gas  in  these  experiments. 

Plasmas  are  produced  in  a  chamber  with  .3m  in  diam- 
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Figure  2;  Positioning  of  phosphor  screens. 


eter  &nd  Im  in  length  by  pulse  discharges  between  four 
lumps  of  LaB«  cathodes  and  the  chamber[2].  The  cath¬ 
odes  are  heated  by  a  10V-80A  direct  current  source.  The 
discharge  pulse  has  a  voltage  of  80-100V,  a  current  of  10- 
20A,  a  duration  of  2ins  and  a  rate  of  6.25Hz  equal  to  the 
linac  beam  repetition  rate.  The  multi-dipole  field  of  per¬ 
manent  magnets,  IkG  at  the  inner  surface  of  the  water- 
cooled  chamber,  is  applied  to  coniine  the  plasma.  The 
base  pressure  of  the  chamber  is  typically  10"®  torr.  The 
plasma  density  was  controlled  both  by  the  gas  flow  con¬ 
troller  and  the  discharge  current.  The  plasma  density  and 
temperature  are  measured  by  a  Langmuir  probe.  Though 
we  have  no  measurement  of  the  density  distribution,  the 
measurement  on  a  similar  confinement  device  shows  that  it 
is  fairly  homogeneous  both  in  longitudinal  and  transverse 
directions[3]. 

A  45°  bending  magnet  at  the  end  of  the  plasma  cham¬ 
ber  measured  the  beam  energy,  giving  a  displacement  of 
-55.8keVmm~‘.  Five  phosphor  screens  measured  trans¬ 
verse  profiles,  whose  positions  are  given  in  Fig.  2. 

3  EXPERIMENTAL  RESULTS 

3.1  Single  Beam  Experiments 

Plasma  lens  experiments  in  the  overdense  regime  already 
have  been  reported[4].  Here  we  report  those  in  un- 
derdense  regime.  Experimental  conditions  were  as  fol¬ 
lows;  beam  energy  was  16MeV,  charge  of  a  bunch  was 
300pC,  beam  sizes  at  the  first  screen  (SCI  in  Fig.  2)  were 
1.27mm  x  3.13mm  x  3mm,  electron  density  at  SCI  was 
10‘°cm~*.  vertical  0,^  functions  at  SCI  were  0.99m  and 
1 .4m~ ' ,  rtnd  vertical  emittance  was  1 .64  mm  mrad.  IVans- 
verse  beam  sizes  were  measured  on  SC2  zuid  SC3  as  a  func¬ 
tion  of  plasma  density  rip. 

Fig.  3  gives  the  results  of  experiments  and  calculations; 
the  solution  of 

^/2  +  h'0-(l  +  0'y4)/0  =  O. 

where  A'  =  2wr,npf‘f.  This  focusing  is  stronger  than  that 
predicted  by  simulation. 

3.2  Two  Beam  Experiments 

The  beam  energies  of  drive  beams  and  test  beams  were 
26.76  MeV  and  15.98  MeV,  respectively,  and  the  respective 


Figure  3:  Plasma  density  dependence  of  beam  sizes  on  SC2 
and  SC3.  The  lines  show  results  of  analytical  calculation. 

charges  in  each  bunch  were  300  pC  and  15-30  pC.  Vertical 
and  horizontal  beam  sizes  of  the  drive  bunch  at  SCI  are 
1.99mm  and  0.94mm,  respectively,  and  those  of  the  test 
bunch  were  0.79mm  and  0.70mm.  Transverse  centroids  of 
the  two  beams  coincided  at  SCI,  but  they  differed  0.5mm 
vertically  and  0.2mm  horizontally  at  SC2. 

Berun  images  on  SC5  were  observed  as  a  function  of  time 
delay  between  drive  and  test  bunches.  A  remarkable  ob¬ 
servation  is  a  periodical,  horizontal  split  of  the  test  bunch, 
which  is  shown  in  Fig.  4.  Such  an  effect  would  be  expected 
given  the  incomplete  overlap  of  the  two  beams.  The  hori¬ 
zontal  distribution  is  assumed  to  be  sum  of  two  Gaussian 
distributions.  Delay  dependence  of  the  centroids  of  the 
two  components  obtained  by  the  least  square  fit  is  given 
in  Fig.  5.  As  for  the  vertical  distribution,  the  meem  and 
the  standard  deviation  are  calculated,  which  are  given  in 
Fig.  6  as  position  and  spread. 

The  delay  dependences  were  fit  to  the  equation 

/(t)  =  sin(b;f  +  ^i)  -I-  a2sin(2u;t  +  ^2)1- 

The  sin  2ut  term  is  phenomenological,  included  to  improve 
the  fit.  The  following  is  a  discussion  of  the  parameters  in 
this  equation. 

1)  w  gives  the  plasma  frequency.  The  plasma  den¬ 
sity  derived  from  the  w  value  of  the  delay  dependence  of 
the  vertical  position  is  1.46  x  10“cm"®.  This  is  quite 
consistent  with  the  value  given  by  the  Langmuir  probe, 
1.5  X  10“cm"^. 

2)  r  gives  the  damping  time  of  the  oscillation.  The  same 
curve  gives  3.69nsec.  This  is  very  fast. 

3)  The  vertical  position  is  varied  only  by  the  transverse 
Wakefield,  while  the  horizontal  positions  are  varied  both 
by  the  transverse  and  longitudinal  Wakefields.  Panofski- 
Wentzel  theorem  tells  there  should  be  x/2  difference  be¬ 
tween  these  two  wakefields.  Let  us  consider  only  the 
sin(wt  -H  term.  The  vertical  position  of  Fig.  6  is  ap¬ 
proximated  as  sin(21.96t  -  0.249),  where  t  is  in  nsec.  The 
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Figure  4;  Typical  images  on  SC'i 


Figure  5:  Delay  dependence  of  the  horizontal  centroid  shift 
of  two  components. 


Figure  6:  Delay  dependence  of  the  vertical  position  and 
spread. 


small  component  of  Fig.  5  is  approximated  as  sin(21.15t  — 
1.22)  =  sin(21.96<  -  0.249  -  0.97)  while  the  large  com¬ 
ponent  is  sin(22.47t  -  0.85)  =  sin(21.96t  —  0.249  -  0.60). 
The  coefficients  of  t  are  regarded  as  the  same  v^dues. 
Using  the  equality  at  sin(u;l  -H  ^i)  -f  aicos(wt  ^j)  = 
(af  +  a?)*/^sin(w(  +  -I-  =  aijat,  we  can  de¬ 

rive  the  ratio  between  longitudinal  and  transverse  wakes 
oj/ai  from  the  r!)  values.  The  small  component  gives 
a</a,  =  tan(-0.97)  =  -1.45  while  the  large  component 
gives  -0.684. 

4)  We  can  derive  amplitudes  of  longitudinal  wakefieids 
from  at  and  ai  vedues,  which  are  around  lOOkeV,  consistent 
with  the  predictions  of  linear  theory. 

4  CONCLUSION 

Plasma  lens  and  plasma  wakeiield  acceleration  experi¬ 
ments  were  condu^^  ed  on  colinear  wakefield  test  facility. 
Plasma  focusir.^  the  underdense  regime  was  demon¬ 
strated.  In  the  eleration  experiments,  beam  images 
were  observed  as  a  function  of  time  delay  between  drive 
and  test  bunches  at  the  end  of  an  energy  analyzer.  A  pe¬ 
riodic,  horizontal  split  of  the  test  bunch  is  observed.  The 
plasma  oscillation  decayed  with  a  very  short  time  constant; 
a  few  ns.  A  2u>p  component  also  appeared  in  the  oscilla¬ 
tion. 
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Akstraet 

Th«  focunng  c/(  th«  Fia«l  Focus  Twt  Beam  by  means 
of  a  planna  is  studied  by  means  of  models,  baaed  on  theory 
and  simulation.  A  set  paiameten  for  a  test  of  various 
aspects  ci  plasma  focusing  is  presented  with  attention  to 
the  Umitatioos  of  diagnostic  schemes  available  presently 
at  the  FFTB. 


I.  INTRODUCTION 

Plasma  focusing  devices  are  compact,  simple,  and 
very  strong  focusing  elements.  The  focusing  strengths 
for  typical  parameters  ate  equivalent  to  ~  10*  Gauas/cm 
focusing  magnets.  In  principle,  such  strong  fields  are  ca¬ 
pable  of  focusing  beams  to  very  small  spot  sizes.  Several 
proof-of-principle  experiments  using  low  density  particle 
beams  have  demonstrated  plasma  focusing.  The  goal  in 
this  paper  is  to  define  a  set  of  parameters  for  a  plasma 
lens  test  uring  the  FFTB.  The  results  will  be  of  inter¬ 
est  for  SLC  and  the  next  generation  high  energy  linear 
colliders. 

For  our  purposes,  the  focusing  nature  of  the  inter¬ 
action  can  be  understood  using  the  following  arguments 
without  detailed  mathematical  analysis:  The  beam  parti¬ 
cles  carry  charge  and  current.  For  a  relativistic  beam  in 
vacuum  the  deetric  repulrion  is  almost  neutralized  by  the 
magnetic  attraction  among  the  particles.  The  introduc¬ 
tion  of  the  beam  into  the  plasms  results  in  a  response  that 
neutralizes  the  intrusion  as  much  as  possible.  The  charge 
neutralization  takes  place  primarily  by  the  fast  motion 
of  the  plasma  electrons  and  the  current  neutralization  oc¬ 
curs  due  to  the  development  of  the  ‘^tum  current”  in  the 
plasma.  The  resulting  large  electric  and  magnetic  fields 
both  accelerate  and  focus  trailing  particles.  For  a  single 
bunch  the  head  can  excite  the  plasms  and  focus  the  main 
body  of  the  bunch. 


II.  Model  of  Focusing 

The  focusing  strength  of  a  plasma  lens  depends  on 
whether  it  is  underdense  or  overdense.  When  ignoring  the 
effects  due  to  the  return  current,  the  focusing  strength  for 
underdense  lenses  is  governed  by  the  plasma  density  n^. 
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88ER40381. 

*  Visitor  from  Department  of  Phyrics,  UCLA,  Los  Angeles, 
CA  90024. 


whereas  for  overdense  leases  the  strength  is  determined 
by  the  beam  density  n». 


However  the  formula  for  an  overdense  plasma  is  true  only 
in  the  extreme  whoe  the  period  of  plasma  oscillations  is 
much  smaller  than  the  time  of  passage  of  the  beam  and 
the  amplitude  is  much  smaller  than  the  beam  radius.  The 
change  in  beam  density  is  taken  into  account  as  the  beam 
propagates  in  the  plasma.  The  equation  used  for  the  beta 
function  is 

/?"'-»-4A/j'-|-2A'V  =  0 

The  boundary  conditions  are  that  p  and  p'  are  continuous 
and  at  the  boundary  of  the  lens  the  quantity  p"  -f  AKP 
jumps  by  2AKP,  where  AK  is  the  discontinuity  in  K. 
The  beta  function  can  be  found  by  numerically  integrating 
with  the  proper  boundary  conditions  and  plasma  regimes. 

The  longitudinal  variation  of  beam  density  is  taken 
into  account  by  calculating  the  beta  functions  of  differ¬ 
ent  slices  of  the  beam.  In  the  regime  where  the  focusing 
dynamics  changes  from  underdense  to  over  rdense  there 
is  a  tranrition  where  the  oscillation  of  the  plasma  gives 
rise  to  focusing  beyond  the  limit  imposed  by  the  beam 
density.  This  is  seen  to  be  true  upto  a  density  ratio  of 
plasma  to  beam  of  2.  Therefore  a  conservative  model  lim¬ 
its  the  focusing  strength  to  twice  that  fh>m  a  plasma  of 
density  twice  the  beam.  This  is  true  for  the  range  of  beam 
denities  under  study. 

The  transverse  variation  in  focusing  strength  due  to 
incomplete  expulsion  of  plasma  electrons  is  not  included  in 
this  model.  Like  the  longitudinal  effects  this  affects  only 
the  tuls  of  the  distribution.  One  transverse  effect,  that  of 
return  currents  in  the  extreme  overdense  case  is  included 
and  the  effect  for  Case  C  is  in  Table  1.  This  fiows  outside 
the  beam  in  all  other  cases  and  can  be  ignored  except  in 
case  C  where  the  plasma  oscillations  are  much  faster  than 
the  time  of  passage  of  the  beam  and  the  current  penetrates 
the  beam  volume. 

The  evolution  of  the  integrated  beam  sizes  in  Case  A 
thru  E  are  calculated  with  the  effects  of  the  longitudinal 
variation  included,  as  shown  in  Figures  1  thru  5  respec¬ 
tively. 


III.  Round  Beam  Focusing 

The  plasma  is  created  by  an  intense  laser  beam  be¬ 
fore  the  arrival  of  the  particle  beam  bunch.  The  gas 
target  density  will  be  varied  to  cover  all  regimes  of  the 
plasma  lens  from  underdense  to  overdense  and  to  the 
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MgiiiM  w}m%  ill*  dlbct  of  curimt  noutralisalicm  era  be 
obeerved  ia  tb*  foemiAg.  Th«  <^timisfld  lens  emiditioiu 
will  b«  ei4Mtble  oi  demoistratiiig  tlw  foctuing  a  5  pan 
ramd  beam  to  a  final  q>ot  nie  of  about  2  pan.  A  fully 
eouplad  "round  beam”  in  the  FFTB  line  is  aaeumed  to 
have  the  normal  FFTB  populatimi  1  x  per  bunch 
at  10  Hi.  The  reiulta  ate  lummariaed  in  Table  1  below. 


Table  1 


BEAM  SIZE  Ti.  LONG.  POSTTION 


•  h-  w 


Beam 

A 

B 

C 

fIGeV] 

50 

50 

50 

iV(10»T 

1.0 

1.0 

1.0 

€n|l0"*m  -  rad] 

3.0 

3.0 

3.0 

i^[cm] 

7.5 

7.5 

7.5 

4.74 

4.74 

4.74 

jSblcm] 

8.03 

8.03 

8.03 

4.91 

4.91 

4.91 

9x[nun| 

0.47 

0.47 

0.47 

nio(10*®cm”*] 

5.3 

5.3 

5.3 

Lens 

0.2 

1.0 

10 

kftr. 

12.5 

28.0 

88.5 

so[cm] 

-2.0 

-2.0 

-2.0 

/[cm] 

0.3 

0.3 

0.3 

/[cm] 

3.80 

2.92 

3.60 

Focused  Beam 

^[minj 

3.7 

2.1 

3.4 

<^lpnal 

3.35 

2.55 

3.23 

s*[cm] 

1.95 

1.07 

1.75 

BEAM  SIZE  VB.  LONG.  POSITION 


•  n^pn 


M  ao 

ID  una  nmt.  mm 


10 

PMmilWBIO] 


Figure  2.  Mostly  undetsense  lens.Solid  line  in¬ 
cludes  long.  effects.Dsshed  line  is  vacuum  and 

dotdash  is  plasma  lens  without  aberrations. 
BEAM  SIZE  va.  LONG.  POSITION 


n^Duu 


Figure  1.  Underdense  lens.  S<did  line  includes 
long.  effects.Dadied  line  is  vacuum  and  dotdash 
is  plasma  lens  without  aberrations. 


tuna  ins  vA* 


0  10  as  so  40 

'  NS  Munfl  TO  UMB  BRS.  mm. 

Figure  3.  Overdense  lens.Solid  line  includes  long. 
effects.Dashed  line  is  vacuum  and  dotdash  is 
plasma  lens  without  aberrations.TTie  spot  size 
is  degraded  due  to  return  currents  from  2.55/im 
to  3.23/im. 


IV.  Flat  Beam  Focusing 

This  is  to  study  the  focumng  of  the  beam  with  a  laser- 
ionized  plasma  and  also  a  beam-ionized  plasma.  The 
bunch  population  is  increased  to  2.5  x  10^°  per  bunch 
while  maintaining  the  aspect  ratio  of  the  FFTB  i.e., 
=  3  X  10~*m  —  rad/3  x  10"*m  —  rad.  This  will 
help  to  improve  the  impact  ionization  probability  and  to 
reach  the  tunneling  ionisation  threshcdd.  Two  cases  are 
presented  for  testing  focusing  by  tunnelling  ionisation  and 
to  focus  better  than  the  FFTB.  The  former  case  has  a  re¬ 
laxed  beta  function  for  the  pdirection  to  prevent  a  rapid 
blowup  of  the  beam.  The  results  are  summarised  in  Table 
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Figure  4.  Focunng  with  a  beam-ionized  plasma 
produced  with  a  relaxed 


Figure  5.  Focusing  to  improve  on  the  FFTB. 
Longitudinal  effects  degrade  ^  to  55  nm.  But  a 
plot  of  the  particles  shows  the  core  is  best  fitted 
by  a  Gaussian  with  o  between  40  and  45  nm. 
Tliis  can  be  distinguished  frcun  60  nm  by  the 
Compton  backscattering  monitor. 

Histogram  of  particles  at  Focal  Point 


V.  Comments 

The  plasms  lenses  in  our  experiments  produce  beam 
sises  in  Uie  range  of  40  nm  -  4  pm,  thus  beam  nse 
and  profile  measurements  over  this  range  will  be  required. 
For  Case  A  thru  C  the  focused  beam  sites  are  in  the  ~ 
2  —  4/un  range  and  can  be  c<»veniently  measured  with  a 
wire  scanner.  The  beam  sites  are  determined  fimn  the 
bremastrsblung  yields  as  the  electron  beam  is  scanned 
across  micron  sited  fibos.  The  sub-micron  focused  beam 
sizes  for  Case  D  and  E  can  be  measured  with  a  Comptcm 
Backscattering  monitor.  I  would  like  to  admowledge  help 
and  conunents  fiom  P.  Chen,  R.Rnth,  P.  Kwtdc,  D.  Cline 
euid  others  whom  q>ace  precludes  mention. 

VI.  REFERENCES 

All  the  references  contained  in  "Plasma  lens  Experi¬ 
ments  at  the  Final  Focus  Test  Beam”  in  tiiese  same  pro¬ 
ceedings. 
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AUtnet 

Then  are  effects  in  the  Medium  Energy  Booster  (MEB) 
of  which  will  lead  to  growth  of  the  transverse  beam 
emittance.  Among  them  are  space  charge,  decoherence 
due  to  residual  chromaticity  and  nonlinearity  of  field,  co¬ 
herent  instabilities,  etc.  This  paper  numerically  estimates 
the  strength  of  these  effects  on  the  beam  stability  and  the 
emittance  growth.  To  ensure  that  the  emittance  growth  is 
within  the  stringent  emittance  budget  the  SSC  accelera^ 
tor  complex,  a  few  fearible  cures  have  been  planned.  Their 
improvements  on  beam  quality  are  also  described  in  this 
paper. 

I.  INTRODUCTION 

The  transverse  emittance  preservation  in  the  SSC  acceler¬ 
ator  complex  is  essential  to  achieve  the  luminosity  goal.  A 
very  stringent  emittance  budget  has  then  been  imposed  on 
the  MEB;  namely  0.6  x  mm-mrad  (rms.  normalized)  at 
injection  and  0.7  x  mm-mrad  at  extraction.  The  allowed 
increase  is  only  17%.  Therefore,  care  must  be  taken  in  our 
design  study  to:  include  all  possible  sources  which  might 
contribute  to  the  emittance  growth,  predict  their  strength, 
and  implement  some  precautions  to  control  this  growth 
within  the  above  limitation.  Table  1  lists  the  mun  beam 
parameters  of  MEB. 

In  general,  the  fc^lowing  factors  in  the  MEB  should  be 
included  in  the  study  f<»  the  emittance  growth  control: 

A)  multipoles  in  magnetic  field; 

B)  q>ace^arge  tune  spread  at  iqjection  and  transi¬ 
tion; 

C)  decoherence  due  to  residual  chromaticity  and  non¬ 
linearity  when  the  beam  is  iqjected  with  transverse 

errws; 

O)  coherent  instabilities,  etc. 

A  ccnnputer  simulation  of  the  beam  has  been  performed 
to  examine  the  effect  of  the  factor  A  on  the  emittance 
growth.  Five  thousands  particles  in  the  six-dimensional 
Gausrian  distriburion  are  tracked  up  to  four  thousands 
turns  after  iqjecticm.  All  multipoles  in  the  dipoles  and 
quardrupirfes  as  well  as  alignment  errors,  which  are  speci¬ 
fied  Iqr  documents{l],  ace  ihcluded  in  the  calculation. 
TIm  result  does  n<ri  show  any  significant  increase  in  either 
horriontal  or  vertical  emittances.  The  discussions  of  other 

'Operated  by  the  Univereitiee  Reeeetdi  Aaeodatioa,  Inc.,  for 
the  U.S.  Depertseent  of  Energy  under  Contract  No.  D&ACSS- 
asi^MMse. 


Table  1 

Main  beam  and  machine  parameters  MEB 


Parameters 

Value 

Iqjeetion  Momentum 

12  GeV/c 

Extraction  Momentum 

200GeV/c 

Harmonic  Number 

792 

Bunch  Spacing 

5  m 

Bunch  Density 

1 X 10^”  proton 

95%  Bunch  Area  at  Injection 

0.038  eV-^. 

Bucket  Area  at  liyection 

0.43  eV-Sec. 

Chromaticity  Natural 

-31.0 

^  at  injection 

2.16x10--* 

IVansition  Gamma 

23.28 

Betatron  TVine^H) 

25.43 

Betatron  'Dine(V) 

25.46 

factors  (B,  C,  D)  will  be  the  subjects  of  the  following  para¬ 
graphs,  which  are  based  on  either  computer  moddUng  or 
scaling  law. 

II.  SPACE  CHARGE  TUNE  SPREAD  AND 
CHOICE  OF  OPERATING  POINT 

The  repulsive  electric  force  produced  by  the  beam  it¬ 
self  often  can  not  be  ignored,  resulting  in  the  betatron 
tune  of  the  particles  being  depressed.  The  maximum  tune 
shift  from  the  bare  tune  is  given  by  Laslett  formula  for  the 
Gaussian  distribution: 

A,/  =  — 

4x^7®c“» 

where,  is  the  classical  proton  radius,  nt  is  the  total  num¬ 
ber  of  particles  in  the  ring,  0  uid  7  are  the  Lorentz  factors, 
e"”  is  the  unnormalised  beam  emittance,  and  Bj  is  the 
bunching  factor,  which  is  the  ratio  of  peak  beam  intensity 
to  the  average  around  the  ring.  For  MEB  the  value  is  -0.083 
at  injection  and  becomes  smaller  at  higher  energy.  This 
shift  may  make  the  beam  cross  lower-order  resonances.  In 
a  real  machine,  where  errors  exist,  the  particles  can  be  lost, 
or  the  beam  emittance  can  grow  when  the  tune  approaches 
one  of  these  resonances.  Fig.  1  shows  the  tune  diagram 
near  the  fractional  operating  points  of  MEB.  The  initial 
operating  point  was  tentatively  set  to  (25.42,  25.38).  Ibe 
locatbn  on  the  tune  diagram  is  marked  by  the  top  square. 
Due  to  space  charge  effects  the  tunes  of  the  particles  spread 
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out  downward  on  the  plane.  The  particles  near  the  center 
ctf  bunch  are  depressed  the  most,  reaching  point  on  the  dia- 
pam  (25.34, 25.30);  very  close  to  the  horieontal  third-order 
resonance.  While  some  outer  particles  in  the  beam  would 
fall  in  the  vertical  third-order  region.  The  beam  simulation 
code,  SIMPSONS{2]  indicates  that  there  is  an  increase  in 
both  horiaontal  and  vertical  emittances,  and  this  increase 
in  the  vertical  plane  can  reach  ^>praximately  10%  whra 
the  MEB  ipjection  process  is  finished.  In  addition,  there 
is  another  problem  found  with  the  operating  point.  That 
is,  the  tune  distribution  with  particle  amplitude  is  spread 
downward  along  the  diagonal  on  the  diagram  due  to  the 
dfect  of  the  difference  resonance  v,  —  =  0,  where, 

and  i/y  are  the  horisontal  and  vertical  tunes,  so  that  the 
linear  aperture  is  reduced  much. 


Figure  1.  Tine  diagram  near  the  operating  points 

To  solve  the  above  problems,  the  operating  point  has 
been  s4justed  from  (25.42,  25.38)  to  (25.43,  25.46)  as 
marked  by  the  circle  on  the  diagram.  Third  integer  res¬ 
onances  are  hereby  avoided,  even  with  space  charge  in¬ 
cluded.  The  simulation  shows  no  significant  growth  in 
emittances. 

When  the  beam  crosses  the  transition  energy,  the 
bunches  become  much  shorter.  The  bunching  factor  in¬ 
creases  from  8.1  to  about  65.  Using  the  Laslett  formula 
expressed  above,  the  maximum  tune  shift  due  to  space 
charge  is  0.19,  twice  the  value  at  injection.  However,  this 
expresrion  does  not  recognise  the  component  of  the  beam 
sise  due  to  the  combination  of  dispersion  and  momentum 
spread.  At  transition  this  contribution  to  beam  size  is 
larger  than  the  cmitribution  from  betatron  motion.  Oth¬ 
erwise  the  shift  is  even  smaller  than  the  iiyection  value 
according  to  our  calculation.  Fig.  2  shows  the  transverse 
emittance  evolution  around  trrmsition  with  space  charge 
and  its  image  force  included.  Both  horizontal  and  vertical 
emittance  are  stable  except  that  there  are  compensatory 
emittance  oscillations  between  the  two  planes.  It  is  obvi¬ 
ously  caused  by  difference  resonance. 


Figure  2.  Transverse  emittance  around  transition 

III.  DECOHERENCE  AND  SUPPRESSION 
OF  INJECTION  ERROR 

When  a  beam  is  injected  with  a  departure  from  the  closed 
orbit,  it  begins  making  betatron  oscillations  about  the 
closed  orbit.  If  the  beam  contains  a  spread  of  tunes,  the 
motion  will  decohere  as  the  individual  betatron  phases  of 
the  particles  disperse.  The  phase  space  distribution  of  the 
beam  spreads  from  a  bcalized  bunch  to  an  annulus  which 
occupies  all  betatron  phases[3].  In  MEB,  the  iiyection 
errors  come  from  the  LEB  extraction  system(kickM,  sep¬ 
tum)  ,  MEB  injection  kicker  and  other  elements  on  the 
beam  transmition  line.  The  statistical  errors  at  the  iigec- 
tion  point  are  0.7  mm  in  horizontal  plane  and  1.1  nun  in 
vertical  plane.  The  emittance  dilution  factors,  which  are 
defined  by 

^=7""  2  * 

will  be  20%  in  horizontal  plane  and  85%  in  vertical  plane. 
Here,  Ax  is  the  equivalent  iqjection  error  given  above.  The 
P  function  at  the  injection  point  are  51  m  and  14.4  m  in 
the  both  planes,  respectively. 

A  damper  has  been  specified  for  killing  the  coherent  os- 
cill2ition  due  to  the  ipjection  errors.  The  damping  speed 
should  be  much  faster  than  the  dilution  time  which  is  ex¬ 
pressed  by  rx>  =  Where  Av  is  the  tune  spread  in 
the  beam.  In  MEB,  there  are  two  sources  of  the  betatron 
tune  spread:  transverse  nonlinearity  (tune  as  a  function  of 
particle  amplitude)  and  nonzero  chromaticity  (tune  as  a 
function  of  momentum  spread  through  Ave  =  (^).  Ac¬ 
cording  to  our  simulation,  the  latter  effect  dominates.  Sup¬ 
pose  residual  chromaticity  is  -5.0,  then  the  emittance  will 
be  diluted  completely  within  310  turns.  So  an  damping  pe¬ 
riod  of  25  turns  is  good  enough  for  limiting  the  emittance 
dilution. 

IV.  COHERENT  INSTABILITIES  AND 
CURES 

The  interaction  between  the  charged  beam  and  the  envi¬ 
ronment  (wake  field)  might  excite  many  different  coher- 
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«Bk  otctllmtioM  in  the  beam.  In  aome  caee  it  can  lead  to 
the  traneveiee  emittance  growth  and  even  a  beam  low. 
By  their  ori^nal  mechanism,  the  coherent  instabilities  in 
MEB  may  be  elasrified  into  three  categories:  single  bunch 
cained  by  the  broad  band  impedance,  couple  bunch  by 
the  higb-Q  impedance  of  RF  cavity  and  resistive  wall  by 
the  non-purely  conductive  vacuum  pipe.  A  code  ZAP[4] 
has  been  used  to  estimate  the  thrediold  value  or  growth 
time  ot  these  instabilities.  Around  transition,  where  the 
theoretical  mode  used  in  ZAP  no  longer  works  well,  the 
^•dimensional  tracking  code  SIMPSONS  is  used,  as  well 
as  the  two-dimeninonal  code  ESME[5]. 

Many  efforts  have  been  made  in  the  design  to  reduce  the 
broad  band  impedance  of  MEB.  These  include  shielded  bel¬ 
lows  and  screened  pump  ports,  etc.  As  a  result  of  these 
efforts,  the  broad  band  impedance  is  expected  to  be  re¬ 
duced  to  1.65  MOhm/m.  Our  study  indicates  that  there 
is  big  margin  of  the  impedance  budget  in  comparison  with 
the  threshold  value  ot  the  single  in8tability(  36  MOhm/m 
at  the  iqiection). 

However,  the  beam  in  MEB  does  have  a  problem  with 
the  coupled  bunch  instability  which  is  caused  by  the  trans¬ 
verse  high-mode  impedance  inside  RF  cavity.  Fig.  3  gives 
the  growth  time  of  the  instability  over  the  full  RF  cycle. 
As  denoted  by  the  bottom  curve  in  the  figure,  the  growth 
time  is  about  1  second.  This  obviously  can  not  be  toler¬ 
ated,  considering  the  beam  will  circulate  in  the  ring  for 
5  second.  A  HOM  damping  scheme  is  then  proposed.  A 
ngnificant  improvement  on  growth  time  can  be  seen  in  the 
top  curve  in  Fig.  3  where  a  few  major  impedance  peaks 
have  been  damped  by  a  factor  of  10. 
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Figure  3.  l^ansverse  couple  bunch  instability  growth  time 


The  resistive-wall  instability  belongs  to  family  of  the 
coupled  bunch  instabilities.  It  may  be  triggered  in  many 
different  modw.  For  MEB,  the  lowest  mode  frequency  is 
41KBz  with  the  fastest  growing  time  of  2.5m8  and  the 
highest  mode  is  about  30MHz.  To  supprew  this  instabil¬ 
ity,  a  feed-back  sjrstem  has  been  planned.  It  will  consists 
of  beam  position  monitor,  electronic  processing,  time  de¬ 
lay,  filter  and  kicker.  To  guarantee  the  functionality,  the 
main  properties  of  the  system  have  been  set  as  follows: 


bandwidth:  30KHs-15MHs 

deflection:  3.2/irad/turn,  at  Pinj=l2GtV /c 

damping  period:  25  turns 

acceptance:  2mm 

peak  power:  700W 

Special  attention  has  been  paid  to  the  tranntion  r^on 
of  the  MEB  where  the  dynamic  process  is  nonadiabatic.  As 
the  phase  slip  factor,  rf  =  ^  approaches  zero,  less 
Landau  damping  is  provided.  Since  the  chromaticity  is  not 
zero  in  a  real  machine,  a  large  shift  in  coherent  mode  fre¬ 
quencies,  which  is  estimated  through  =  ^uqVo,  occurs, 
where  ^  is  chromaticity,  uo  is  the  revolution  frequency  and 
I/O  is  the  betatron  tune.  So  a  strong  coupling  of  m=0  mode 
to  the  resistive  part  of  the  broad  band  impedance  can  be 
expected,  as  indicated  by  Jacques  Gareyte[6].  One  cure  to 
this  head-tail  instability  is  a  chromaticity-jump.  By  revers¬ 
ing  the  sign  of  the  chromaticity  before  and  after  transition 
correctly,  one  can  guide  the  shift  to  the  right  direction  so 
to  avoid  the  coupling.  This  technique  has  been  successfully 
implemented  in  both  the  main  ring  of  Fermilab  and  the  PS 
at  CERN. 


V.  CONCLUSION 

In  the  MEB,  there  will  be  many  different  wurces  which 
might  lead  to  a  transverse  emittance  growth.  To  limit 
this  growth  within  a  stringent  tolerance  is  very  challeng¬ 
ing.  Studies  indicate  that,  with  a  good  machine  design  and 
some  necessary  precautions  it  is  still  possible  to  achieve 
the  goal  of  the  SSC:  high  luminosity  with  a  low  transverse 
emittance. 
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Diffusion  coefficient  for  a  bunched  p-beam  in  a  synchrotron 
is  presented  with  two  technically  imposed  items  included 
into  the  scheme.  (1)  The  role  of  basic  extanal  noises  is 
attributed  to  random  envelopes  carried  by  two 

modulated  time-quadrature  RF-currents.  These  represent 
amplitude,  (a)  or  (small)  phase,  {<p)  noises  of  forward  cur¬ 
rent  in  cavity  feeders.  (Commonly,  the  (a,  ^)-noise  volt¬ 
ages  at  the  accelerating  gaps  are  taken  as  the  bar 

sic  ones.)  Phase  shifts  between  spectral  components  v((i;) 
vs.  t(fa;)  are  inevitable  due  to  both,  the  transfer  function 
from  feeder  current  to  the  detuned-cavity  gap  voltage,  and 
the  phasor  diagram  of  the  gfq>  voltages  maintained  under 
beam  loading.  N(me  of  the  ‘pure’  noises  v^")(f)  <»  t/^)(f)  is 
observable  practically.  Only  their  mixture  is.  (2)  The  pos¬ 
sibility  of  an  arbitrary  ratio  of  the  noise  correlation  time  to 
the  revolution  period  (i.e.,  the  effect  of  noise  spectrum  to 
stretch  over  many  revolution  frequency  harmonics)  is  in¬ 
corporated,  which  is  important  to  treat  the  noise-induced 
diffusion  in  the  large  rings  (UNK,  LHC,  SSC). 

1.  INTRODUCTION 

A.  Diffwion  Equation 

Longitudinal  dilution  of  a  proton  bunch  subjected  to  noise 
obeys  a  diffusion  equation  which  according  to,  say,  ref.[l] 
reads 

d{Fo)iJ,t)  _  ±  (  .  a(f’o)(j,<)\ 

dt  dj  )' 

Here  t  is  time;  J  is  action;  F  is  bunch  distribution;  (. . .) 
is  statistical  average  over  noise  ensemble;  subscript  ‘0’  de¬ 
notes  the  mathematical  average  over  phase  ip,  the  canoni¬ 
cal  coqjugate  of  J.  Variables  {ip,  J)  are  introduced  in  the 
phase-plane  (d,  d'  =  d^/dt),  where  d  =  6  —  u.f  is  azimuth 
in  a  co-rotating  frame;  6  is  azimuth  around  the  ring  in  the 
laboratory  frame;  u,  is  the  angular  velocity  of  a  reference 
particle  synchronous  to  the  nominal  RF.  The  origin  d  =  0 
is  put  on  the  unperturbed  reference  particle  of  the  bunch 
in  question. 

The  diffusion  coefficient  is 

D{j)  =  A  f;  (mqf  f;  X  (2) 

mas-00  t.tis-oo  ‘ 

X  f  {AVkit)AVj^^{t  -  r))  exp  (imD,(y)r) dr. 

J^oo 


The  beam  is  subjected  to  a  random  voltage  A  V’(d,f) 
which  is  decmnposed  into  AV^{t}tf^*,  and  eq.2  embeds 
time  correlations  of  random  amplitudes  AVl(<).  Functions 
7J|^(y)  are  the  coefficients  of  series  which  expand  a  plane 
wave  into  sum  over  multipolee: 

Factor  A  is  equal  to 

Here  Do  is  the  small-amplitude  synchrotron  frequency  (cir¬ 
cular);  q  is  the  acceleration  frequency  harmonic  number; 

is  the  nominal  amplitude  of  accelerating  vrdtage;  tp,  is 
the  stable  phase  angle  >  0  below  tramnUcm,  the  syn¬ 
chronous  energy  gain  being  eI4xt  cos^a):  f^(«7)  =  dip/dt 
is  the  non-linear  synchrotron  frequency. 

B.  Repreaeniative  Time  Seales 

The  bunch  had  been  matched  and  stationary  until  t  =  0 
whoi  the  noise  was  switched  on.  Diffusion  <q>proKimation 
implies  fluctuations  AV(d,t)  to  be  fast  and  weak: 

T^V  <.  Tuf,  (4) 

where  r^/  is  a  rate  measure  of  the  noise-induced  bunch 
dilution;  t^v  is  a  correlation  time  of  AV(d,f).  Bunch 
evolution  is  pursued  at  t  >  r^y. 

In  general,  AI4(t)  is  e  periodically  unstationary  stochas¬ 
tic  process:  its  moments  (AVk(f)AV7,(t  —  r))  are  periodic 
functions  of  t,  2ir/u,  being  a  period.  The  slow  diifusi<Mi  is 
governed  by  the  non-oscillating  terms  in  (AVs(t)AVtj(t  — 
r)),  these  being  extracted  by  f-averaging  the  latter  over  a 
turn  (over-line  in  eq.2).  The  correlations  thus  smoothed 
depend  on  r  solely,  and  can  hence  be  treated  in  terms 
of  spectral  intensities.  Function  {Fo){J,t)  is  as  well 
smoothed  over  a  turn,  being  a  slowly  varying  one: 

2x/w,  <  Tuf.  (5) 

Re&.[2,  3,  4]  study  stationary  noise  AV(d,f)  as  given  in 
the  co-moving  frame  directly,  which  implicitly  coqjectures 
the  noise’s  low-frequency  and  narrow-band  features; 

2x/w,  <  tav  <  Tsij.  (6) 

However,  with  the  orbit  perimeters  L  growing  (UNK,  LHC, 
SSC)  feasible  are  the  relationships 

2x/w,  ^  tav  <  r*/;  tav  <  2x/w,  <  r*/.  (7) 

This  paper  presents  formulae  which  hold  true  not  only 
within  the  range  givm  by  eq.6,  but  well  beyond  it,  eqs.T. 
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II.  NOISES  OF  VOLTAGE 

A.  Aeeeleniimg  Vohage 

This  field  is  imposed  by  N  accelerating  cavities  (gaps), 

E(e,  0  =  ‘  ,  G„(e)  Vn  coe(qW  -  <Pn).  (8) 

Here  V^,  ^  are  the  amplitude  and  phase  of  voltage  across 
the  n-th  gap;  is  the  nominal  RF  —  a  (higher)  har¬ 
monic  of  the  acceleration  frequency  qu,,  q'/q  =  1,2, . . . 

Functions  Gn(6)  specify  the  field  localization.  They  can 
be  decomposed  into  Fourier  series  Given 

|Gn(6)|d6  =  2t,  quantities  |G„;ft|  grow  into  transit- 
time  factors  at  a;  =  kw^.  Variables  Vn,  <Pn  adjusted 
80  as  to  provide  propagating  wave  cos(f'd  -t-  ^),  star 
tionary  w.r.t.  the  co-rotsting  frame.  The  main  RF  system 
drives  a  wave  whose  =  (Vext.fl.V**)- 

B.  Random  Voltages 

Put  down  the  random  field  by  analogy  with  eq.8  as 

A£?(e,l)  =  L-^  yf  G„(e)  u„(<)  (9) 

with  Un(f)  being  the  noise  voltage.  Take  the  latter  as 

“n(0  =  cos(«'w.<  -  (10) 

Here  (  is  a  noise  type  index.  Carrier  phase  ^  iS)  gener- 
aUy,  other  than  (pn  from  eq.8.  Modulating  voltages  Un  ^(<)> 
(vn  ^(0)  =  0  are  the  stochastic  processes,  mutually  sta¬ 
tionary  w.r.t.  the  laboratory  frame. 

The  particular  option  of  indices  ^  =  a,(p  and  phases 

=  <Pn-,  =  <Pn-  ir(2  (11) 

allows  one  to  interpret  eq.lO  as  a  decomposition  of  Un(f) 
into  a  sum  of  its  inphase  (C  =  a)  and  quadrature  (C  =  q>) 
components  w.r.t.  the  reference  signal,  eq.8.  The  inphase 
component  represents  the  noises  of  amplitude,  while  the 
quadrature  one  —  those  of  phase, 


The  (mutual)  spectral  power  densities  innV\<^)  ^  ^be 
Fourier  transforms  of  voltage  cross-corrdations, 

=  r  -  r))  dr.  (14) 

«/-.00 


Weight  factors  specify  the  bunch  excitation  at 

the  m-th  multipole  caused  by  spectral  components  of  noise 
Vn^^(0  at  frequency  u  ko;,: 


X 


(mg/2)  X 
\  k  +  q> 
k-q> 


G„;*+,.e+‘>-’  -I- 
Gnik-1'  e~*^»’^. 


(15) 


These  functions  depend  on  the  carrier  frequency  g/u,  and 
its  phase  ^  w.r.t.  the  bunched  beam.  The  presence 
of  expansion  coefficients  accompanied  by  transit¬ 

time  factors  Gn-,k±i‘  ia  quite  explainable.  Multiplication 
of  t>n^^(f)  by  a  high-frequency  oscillation  coe(g'u'.t  -  ^) 

translates  spectral  components  Vn^^(f)  from  w  a  ku,  into 
a  region  of  (higher)  frequencies  u»  ~  (k  ±  from  which 
these  affect  the  beam  by  driving  its  multipole  oscillations. 

For  example,  consider  one  gap  (n  =  JV  =  1),  a  single 
noise  source  v^^^(t)  with  (  =  a  or  ^  whose  spectrum  is 
localized  in  a  lower-frequency  domain  within  a  bandwidth 
£kWp  ^  so  as  to  comply  with  eq.6: 

+  Q)^  li<\0)SnnAc.^ko  (16) 

with  6ij  being  the  Kronecker’s  delta-symbol.  In  this  case 
eqs.13,  15  yield  the  results  of  re&.[2,  3,  4]. 


III.  NOISES  OF  CURRENT 

Noises  of  accelerating  voltage  are  excited  by  those  of  RF- 
drive  current  in  the  gap  feeders.  The  latter  noises  are  more 
logical  to  deal  with  while  specifying  the  noise  tolerances  on 
a  practical,  RF-engineering  level. 


«(»>(<)  =  AV„(<);  =  VnApnit),  (12) 

of  the  giq>  voltages.  Either  may  be  driven  in  a  relatively  in¬ 
dependent  way  (noises  in  a  master  oscillator,  an  amplitude 
modulator,  a  phase  shifter). 

Adopting  g'  =  =  0  and,  e.g.,  C  =  1  results  in  a 

particular  case  of  gap  noise  voltage  Un(f)  =  v^^^(f),  sta¬ 
tionary  w.r.t.  the  laboratory  frame  (a  shot  noise  of  anode 
DC  current  in  the  tube,  a  ripple  of  its  power  supply). 


C.  Diffusion  as  Inflicted  by  Random  Voltages 
Inserting  eq.lO  into  eq.2  yields 


D(j)  =  AYf  T.  YT 

'  '  ■^n,ni=l  ^k,m=-oo 

X  P<<M(ku,,  +  mCkiJ))  vi^'-ikiJ) 


(13) 


A.  Drive  Current  and  Beam  Loading  Effect 

To  excite  accelerating  field,  eq.8,  the  RF-generator  drives 
a  forward  wave  of  current  in  the  giq>  feeder.  Let  this  wave 
be  presented  by  a  current 

In  C08(gW  -  dn)  (17) 

which  flows  through,  say,  a  coupling  device  between  the 
feeder  and  the  n-th  gap.  (Reflected-wave  current  does  not 
enter  this  definition.) 

The  following  phasor  diagram  of  voltages  is  maintained 
under  beam  loading  of  the  narrow-band  gap 

V„e'>»  =  T„(g'a;.)  I„e^*-  -  27;;(g'a»,)  J,- .  (18) 

Here  Tn{u)  is  a  transfer  function  between  Fourier  trans¬ 
forms  of  the  feeder  current  and  the  gap  voltage  thereby 
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excited,  'ftaiisfn  functk»  T^iu)  from  the  beam  current 
to  beam-induced  voltage  is  such  as  to  have  Re7^(w)  >  0, 
and  7X(<^)l^n;f'|’  to  become  a  standard  beam-g^p  cou¬ 
pling  impedance  at  w  ~  Coefficient  Jf<  is  the  one 

from  Fourier  series  7(d)  =:  7te‘**  with  J(d)  being  the 

stationary  beam  current.  Given  short  bunches,  ~  Jo, 
where  Jo  the  average  beam  current.  Phase  required 
to  calculate  D{J)  is  readily  extracted  from  eq.l8: 


*  TnCg'wO/n 


(19) 


and  4n-*  <Pn  —  arg  Jn(9'w,)  when  J,»  — »  0. 

Standing-wave  accelerating  cavities  are  the  most  widely 
used  ones,  in  which  case 


C.  Diffuaion  as  Inflicted  by  Random  CnrrtnU 

Using  eq.21  one  finds  rdation  between  the  Fourier  trans¬ 
forms  of  V,  in\ty- 

o(<)(a;) =  r„(a;  ± q'w,) .  (25) 

A  ‘weak’  stationarity  of  v,  implies: 

(t,(0(i,,)p(<i)»(a,,))  =  2x/^«*)(w)d(w-wi):  (26) 

(.•«)(a;)4V^(‘‘'i)>  =  2T(J«<‘)(w)5(a;-u;,).  (27) 

Here  Pniii\u)  is  the  voltage  noise  spectrum,  eq.l4,  while 
Qm‘^(u>)  is  that  for  the  current  noise;  6(ui)  is  the  delta- 
function.  Eqs.25,  26,  27  allow  one  to  express 
through  Qn^n'^iv).  Inserting  them  into  eqs.13,  15  yields 


liM  =  r.(„)  =  (l  -  ‘ .  (20) 

where  Rn,  Aun  are  the  shunt  impedance  and  bandwidth 
(both  loaded  ones);  uon  is  the  resonant  frequency;  g  is  the 
gain  in  coupling-loop  to  accelerating-gap  voltage  transfor¬ 
mation.  An  optimal  cavity  detuning  (a)o„  ^  q'u»)  exists 
which  would  offer  a  resistive  load  to  the  RF-generator  and, 
hence,  result  in  ^n  =  fn- 

B.  Random  CarrenU 


X  <}!.%>(*". + "Sicj) 

with  ‘current-wise’  weight  factors,  cf.  eq.l5, 


=  (”»9/2)x  (29) 

X  T'n  [(*  +  4')a;.  +  mn.(  J)]  -H 


Noises  in  RF-feeding  circuitry  induce  random  addition 
j„{t)  to  the  main  current,  eq.l7.  It  drives  voltage  Unit) 
across  the  n-th  gap,  eq.9.  A  feeder,  a  coupler  2uid  a  gap 
are  a  linear  and  stationary  circuit.  Hence,  the  relation 
between  in(0  nnd  Un(t)  is  linear  and  time-iii variant: 

u„(a;)  =  T„(a;)  j„(w)  (21) 

with  T„(u>)  being  the  same  as  in  eqs.18,  20.  To  comply 
with  eq.lO,  consider  random-modulated  current 

in(0  =  cos(«'w,t  -  (22) 

with  115^(0,  (4^^(0}  =  0  being  the  stochastic  processes, 
mutually  stationary  w.r.t.  the  laboratory  frame. 

Technically  imposed  system  of  basic  perturbations  is 
that  of  the  amplitude  and  phase  noises  of  drive  current, 
eq.l7,  their  cross-uncorrelated  performance  being  quite 
feasible  practically.  To  get  these  noises  take  ^  =  a',  ^ 
along  with 

=  ^n;  =  ^n-  ir/2,  (23) 

4-')(0  =  A/n(t);  t</Ht)  =  InA^nit).  (24) 

By  taking  q'  =  ^  =  0  and,  e.g.,  C  =  1  one  arrives 

at  the  noise  current  j„(t)  =  tit\t),  stationary  w.r.t.  the 
laboratory  frame. 


Commonly,  in  beam  dynamics  studies,  re&.[2,  3,  4],  am¬ 
plitude  and  phase  noises  of  the  gap  voltages  are  treated  as 
the  basic  ones,  in  which  case  eq.ll  and  =  Pnnt^  =  0 
should  be  inserted  into  eqs.13,  15.  However,  from  a  prac¬ 
tical  standpoint  the  use  of  eqs.28,  29  with  eq.23  and 
Qim*  ^  ^  =  0  looks  more  adequate.  Thus,  quite 

different  expressions  for  D(,7)  are  arrived  at. 

For  stationary  noises  u,jn(t),  whose  q'  =  0,  =  0, 

=  0,  and  (  =  1,  the  entire  distinction  between 
eqs.13, 15  and  eqs.28,  29  is  reducible  to  a  mere  noise  filter¬ 
ing:  =  r„(u;)i;.(a;)Q«<‘)(u;). 

The  author  thanks  Drs.  V.  Balbekov  and  G.  Gurov  for 
the  instructive  discussions  on  the  subject. 
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Induced  Beam  OscUladom  from  Quadrupole  Vibrations  in  the  SLC  Linac* 

J.  T.  Seeman,  R.  L.  Holtza{^le,  M  C.  Ross 
StanfoRl  Linear  Aoodeiaior  Oeoter 
SttBfonl  Univenity.  Stanfoed.  CaUfoniia  94309  USA 

Abstract  Measured  Beam  Oscillations 


Liaac  beams  ia  tbe  Stanlbid  liaear  Oillider  (SLC)  were 
driven  isto  oacillaiion  by  transverse  vttiration  of  lattice 
qnadngmles  at  about  7  Hz.  These  quacbapoies  are  centered  on 
12-4neter  snpport  gisdets  located  edity  in  the  linac.  The 
vibtaikms  were  caused  by  ground  motion  at  the  0.06  )un  level 
wMch  was  anqriified  in  tbe  accelerator  supports  op  to  S  pm. 
Seianic  sod  snpport  vibratfam  measurements  were  Fourier 
analyzed  and  a  strong  correlation  widi  beam  (dnervaiioos  was 
observed.  Subsequent  modifications  of  the  siqqiorts  have 
eliminated  these  oscillatioos. 

Introduction 

bi  the  qaing  at  1992  the  SLC  poshron  beam  exhibited  a 
coherent  betatron  oscillation  in  the  vertical  plane  ^ipamtly 
emanating  from  the  dani|dng  ting  or  early  linac.  These 
oscillations  had  an  ampfitude  about  one  half  the  beam  size 
at  die  end  of  the  Unac  with  a  frequency  of  about  7  Hz.  Ihese 
oscillations  caused  occasional  accderator  it^is.  prompting  a 
search  for  the  source.  Since  it  was  a  positron  beam  proUem 
and  not  deciron,  the  positran  danqdng  ring  and  ling-to-iinac 
tfiput  line  were  investigated  first  for  power  supply,  kicker, 
or  vibratian  probkins;  but  none  were  found.  This  result  lead 
to  the  investigatioo  of  the  vertically  focusing  quadtupoies  in 
the  early  linac.  But  again,  no  quadrupole  power  supply 
insUriiiUties  were  fbimd.  Finafly,  tbe  connection  to  vertically 
vibmting  Unac  gkdets  was  made. 

hi  the  bulk  of  the  linac  tbe  quadnqxdes  are  placed  at  die 
end  (rf  die  sqipott  girders  (12  ra  hmg).  The  vibiatkiD  for  these 
qnadrupoles  momited  over  the  supports  was  measured  and 
found  to  be  about  0.06  lun,  which  was  safdy  under  tbe  desired 
tolerance*'^.  However,  in  the  early  linac  additional 
qnadnqxdes  were  added  in  the  center  of  the  girders  to  increase 
the  focusing  and  reduce  the  betatron  ftmctions.  Thus,  these 
qnadrupoles  (neccessarily  stronger  because  of  tbe  smalte 
spacte^  were  placed  where  vibratkm  amiditudes  could  be 
larger.  Tbe  reason  die  poshron  vertical  measumnents  showed 
the  hugest  effects  is  diat  tbe  quadnpoies  at  the  center  the 
gtaders  had  the  largest  vertical  oflbeis  and  these  quadtupoies  are 
vertically  focusing  for  positrons.  Htuizontal  osdlladons 
should  Iwve  been  vhflde  for  electrons,  but  other  upstream 
difficufties  dooded  the  observations. 


Tbe  key  beam  evidence  that  tbe  girders  were  vibrating 
came  from  posidpn  measurements  6mn  adjacoit  monitors 
eariy  in  tbe  linac.  Figure  1  shows  beam  oscillations  of  about 
SO  pm  on  two  poridon  monitors.  The  two  monitors  are  very 
nearly  180  degrees  apart  in  bmairon  phase  and  should  show 
idendcal  but  inverted  osdlladons.  A  fiequency  qiectrum  ot 
this  data  shows  a  strong  pedt  at  a  fiequency  of  about  7  Hz  as 
can  be  seen  in  Figure  2.  The  two  data  in  Figure  1  are  Mmiiar 
but  ddiniiely  not  just  inversions  of  each  other.  Thus,  the 
differences  arose  fmn  changes  between  tbe  two  monittus 
located  24  m  apart  For  this  region  of  the  linac,  tbe  differences 
could  only  be  explained  by  local  quadnqxrie  vibrations. 

Measured  Girder  Vibrations 


The  girder  which  supports  the  httdce  quadnqxdes  and 


•  s  •  •  4  a 


HmeCsec) 

Hgure  1  Observed  positron  vertical  beam  osdlladons  on 
two  posidon  monitors  (LI03-321,  LI()S-S21)  with  dme.  The 
two  monitors  are  180^  apart  in  betatron  phase  diout  120  m 
dowmtream  of  tbe  damfdng  rings.  Tbe  energy  is  2.8  GeV. 


*  Work  mpporied  by  the  Dqiertmeat  of  Energy  contract  DE-ACX)3-76SF0051S. 
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Fnquency((b) 

Hgnie  2  Frequency  spectnim  of  the  beam  oacillation  in 
the  upper  (dot  Rgure  1.  Note  the  resonance  at  about  7  Hz. 


accderating  structures  is  schematically  shown  in  Figure  3. 
The  mds  me  rigkQy  attached  to  the  floor  and  wall  but  the 
center  is  firee  to  vibrate,  modified  somewhat  by  loose 
oonnectioos  to  the  tunnel  from  RF  power  feeds,  cooling  wmer 
connectkios,  qnadnqxde  power  connections,  vacuum  pumping 
Bnes,  and  diagnostic  cables. 

To  measure  the  girders,  access  to  the  tunnel  was  made 
under  near  nmning  conation  widi  the  water  pumps,  helium 
coaqaessots,  and  cotding  towers  operating.  The  vibrations  of 
die  girders  were  measured  using  a  light-weight 
308BQ2  aocelerameter^  with  a  1  v/g  sensitivi^  and  a  fiequency 
range  1  to  3000  Hz.  The  signals  were  analyzed  using  an 
Hewlett-nudoud  Dynmnic  Signal  Analyzer*  HP3S60A.  A 
typical  signal  measurement  versus  time  is  shown  in  Hgure  4 
and  the  fiequency  qiectium  of  that  measurement  is  shown  in 
Figure  5.  Many  girders  were  measured  and  the  data  are 
sunnnarized  in  TaUe  1.  The  girder  anqditndes  and  fiequencies 
dnage  slightly  dqiending  on  their  locatkm.  This  is  due  in 
part  to  the  dnmgiag  driving  forces  fiom  the  tinuiel  which,  in 
nun,  dqpeod  on  the  distance  and  orieoiation  fiom  the  sources 
(heavy  pumps,  etc.)  and  fiom  external  connections  (RF  feeds, 
water  connection,...).  Also  note  that  the  lightly  loaded  girders 
have  slightly  Mgher  fiequendes,  e.g.  Girders  2-1,  3-1,  3-2, 
and  3-3. 

The  combined  effects  of  these  vibrating  girders  on  die 
beam  tn^cctory  can  be  calculated.  The  vertical  position  AY  at 
a  position  monitor,  say  monitor  LI03-321  as  in  Rgnre  1,  is 
die  sum  of  the  contributions  of  the  vibrations  of  all  the 
quadrupoies  upstream  and  die  effects  of  the  lattice  mmspoTL 

AY  (t)  «  1^12  Q  Ay  sin  (  2  X  f  t)  /  Bp 

where  R12  is  the  angle-to-posidon  TRANSPORT  element 
fiom  the  tocadon  ot  the  vibrating  qmdnqiole  to  the  p(»ition 
moidlor  including  energy  changes.  Q  is  the  integrated  straigth 
of  the  vflMadng  quadrupole.  Ay  is  the  quadrupole  vibration 


ampHtude,  f  the  vibration  fiequency,  t  is  time,  and  Bp  to  die 
beam's  magnetic  rigidity.  A  calculation  was  done  nsh^  the 
data  in  Table  1  to  predict  the  bemn  data  in  the  iqiper  plot  in 
Figure  1.  The  result  the  calculation  is  shown  in  Rgure  6. 
The  mnplitude  and  varial^ty  at  the  predicted  beam  positioo 
resemble  strongly  those  seen  with  the  teal  data. 


Bgure  3  Schematic  overview  the  accelerator  sunxvt  girder. 


Signal 

(OAmV 

/div) 


Hme  (2  lec  /  div) 

Figure  4  Measured  vertical  vibradon  of  (Brder  2-4  vs  time. 


The  Cure:  Girder  Struts 

The  cure  for  these  vibrations  was  to  install  horizontal  and 
vertical  mechanical  struts  (clamps)  attached  to  the  floor  and 
wall  near  each  quadrupole  on  the  affected  girders.  A  schematic 
view  showing  these  struts  at  the  girdo'  center  can  be  seen  in 
Hgure  3.  After  the  strut  installadon  the  measured  girder 
vibrations  at  7  Hz  were  no  longer  visible  as  can  be  seen  in 
Hgure  7.  However,  vibrations  rqipeaied  at  higher  fiequendes 
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Frequepcy  (2  Hz  /  div) 


HgioeS  Vertical  fiequency  qiecinim  of  Girder  2-4  (Rg.  4). 


IlliUkili 


WttMWMJOnMMaSS 
lint  (■nail) 

Rgoted  lYedkied beam oscillaiioo  with  time froint^ 
^rdervibatioa  data  in  Table  1  and  the 
qoadnqxde  lattice  at  the  beam  moniior  in  Fig.  1. 


Table  1  Measured  vibration  fiequendes  and  anqilitudes  of 
the  cemen  the  first  1 1  girders  (12  m  eadi)  of  ibe 
linac  ush^  an  aooderomeier. 

Ghder  Horizontal  Horizontal  Vertical  Vertical 

nnmber  Reqnency  amplitude  fiequency  amplitude 

(Hz)  (nm)  (Hz)  (nm) 


due  to  other  morms  of  the  structure  and  the  installation 
orieniatum  of  the  struts.  Fortunately,  the  mi^litudes  of  the 
vibratkns  at  these  higher  fimpiencies  are  below  the  reqpnred 
toterances.  Ibe  consequences  of  the  installation  of  die  struts 
on  the  motion  of  the  beam  was  immediate.  The  beam 
oscillations  at  7  Hz  were  gone. 

With  the  success  of  this  linac  tffon,  a  seardi  is  now 
underway  to  look  for  smaller  oscillations  with  signals  at 
different  frequencies  coming  frmn  sources  iqistream  oi  die 
linac. 


:  1 

p: 

m 

0  Fitqiieiicy  ( 2  Hz(<fiv) 

Figure?  Measured  vertical  frequency  qiectnim  of  a  girder 

with  a  center  stmt  (clamp)  installed.  Note  that 
higher  frequmides  appeared  at  12-15  Hz.  about 
twice  the  old  resonant  fiequency. 
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Abstract 

Magnetic  focusing  by  coils  appropriately  disposed  and  fed 
has  been  widely  proposed  and  used  as  a  transverse  emittance 
recovering  technique.  In  particular  for  the  accelerating 
electron  beam  of  FEL  RF-photoinjectors.  After  a  new 
investigation  of  the  effect  on  radial  emittance,  we  address  the 
question  of  the  consequences  of  magnetic  focusing  on 
longitudinal  emittance  and  energy  dispersion.  With  the 
Uieoretical  method  described  in  a  previous  article,  the  radial, 
transverse,  longitudinal,  and  3D-  rms  emittances  of  the  whole 
beam  pulse  are  computed  from  the  cathode  onwards,  for 
sample  beam  parameters,  and  various  magnetic  field 
intensities.  Obviously  beneficial  in  terms  of  beam  radius, 
magnetic  focusing  seems  to  induce  only  a  moderate  and 
transitory  radial  emittance  reduction  and,  on  the  other  hand,  a 
strong  degradation  of  longitudinal  emittance  and  energy 
dispersion. 

I.  INTRODUCTION 

The  situation  under  consideration  is  the  one  which  occurs 
for  instance  in  the  photoinjector  of  a  high-intensity  RF-FEL 
(e.g.  [I]).  A  short  (10-100  ps)  intense  (some  hundred  of  A) 
electron  beam,  exuacicd  from  the  cathode,  is  accelerated  in  a 
first  RF  cell,  about  O.I  m  long,  from  thermal  energy  to  a  few 
MeV.  During  extraction  and  at  acceleration  beginning,  the 
beam  undergoes  radial  expansion  and  radial  emittance  growth 
under  the  influence  of  strong  self-field  effects  (often  called 
space  charge  effects  though  they  are  not  electrostatic  but  in 
fact  intricate  electromagnetic  effects). 

To  focus  the  beam  and  remedy  the  emittance  growth,  a 
magnetic  lens  is  often  placed  at  photoinjector  exit,  before  the 
beam  enters  further  accelerating  cavities.  The  beneficial  effect 
on  radial  emittance  of  such  magnetic  focusing  has  been 
studied  in  various  publications  (e.g.  [2]}.  We  propose  on  the 
one  hand  to  come  track  to  this  effect,  and  on  the  other  hand  io 
investigate  the  consequences  of  magnetic  focusing  for 
longitudinal  emittance  and  energy  dispersion. 

II.  THEORETICAL  TOOLS 

A.  Self-field  calculation 

The  theory  has  been  described  in  [3],l4j.  With  view  of  an 
analytical  study,  the  electromagnetic  field  inuoduced  in  the 
electron  motion  equation  is  calculated  as  a  direct  relativistic 
electron-electron  interaction  field  obeying  the  Lidnard- 


Wiechert  formulas.  Retardation  and  acceleration  field  effects, 
which  play  an  important  role,  are  thus  taken  into  account  more 
simply  and  transparently  than  in  the  way  generally  followed 
by  computer  simulations,  which  consists  in  solving  the  set  of 
Maxwell's  equation.  Boundary  conditions  on  the  cathode  are 
satisfied  using  images. 

B.  Definitions  used  for  the  emittances 

The  emittances  are  normalized  rms  emittances,  linked  to 
the  first  symplectic  linear  invariant  [S] 

/  =  £<  AXi  Ax;  X  Ap„.Ap^.  >  -  <  Ax,  Ap^.  ><  Axj  Ap,.  > 

where  <  >  means  an  average  taken  over  the  whole  beam 

<G>=j  G(x,p\t)  fix,p\t)d^x d^p 

where  x  is  the  position,  p  the  impulsion.  The  distribution 
function  /  is  normalized  to  1.  Ax^x-oo,  Ap=p-<p>,  where 
<x>  and  <p>  are  the  centroid  position  and  impulsion 
respectively. 

In  the  absence  of  magnetic  field : 


where  e,  and  ^  are  the  two  usual  transverse  emittances : 

=4[<  X*  ><(-^)*>-<x-^>*  jV* 
me  me 

(similar  expression  for  e^,  and  £,  the  longitudinal  emittance : 

e,  =  4[<  Az*  ><  (^^)*  >  -  <  Ar 

me  me 

And  for  an  axisymmetric  beam  : 

e,  =  e„  =  £,.  =  2  [<  r*  ><  (— )*  >  -  <  r  —  >* 

me  me 

When  a  magnetic  field  is  present,  there  is  an  azimuthal 
motion.  Again  for  an  axisymmetric  beam,  besides  the  radial 
emittance,  one  has  to  consider  a  transverse  emittance  given 
by: 

£  J  =  ef  +  ej  =  2£*  +  8  <  r  *  ><  >. 

’  me 

In  any  case,  it  is  interesting  to  consider  /  itself, 
conveniently  reduced  to  the  dimension  of  a  length,  as  a  3D 
emittance : 

4-y/7//WC  =  (£*  +  £y  +  £,^)‘/*  =  £3d 
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HL  EFFECT  OF  MAGNETIC  FOCUSING  ON 
RADIAL  EMITTANCE 


2000 


A.  Evotiuion  cfthe  emttances  inside  the  magnetic  field  zone 

Figures  1  and  2  show  the  evolution  of  the  emittances 
along  the  beam  (t  is  the  time  passed  from  the  beginning  of  the 
photoemission  :  at  time  0  the  beam  front  is  at  ^0),  without 
magnetic  focalisation  (1),  or  with  (2).  The  parameters  are :  RF 
electric  field  on  the  cathode  £o=lS  MV/m,  beam  current, 
section,  and  length  /  ^100  A,  5^1  cm^,  r  =  SO  or  100  ps. 

The  phominjector  exit  is  at  z  »  10  cm,  which  corresponds 
to  r  s  430  ps. 

The  magnetic  lens  center  is  at  z=12,S  cm,  which 
ctHiesponds  to  t  =  S16  ps. 


Figure  1  (no  magnetic  field),  shows  that  the  emittances 
grow  and  oscillate  inside  the  photoinjector,  where  electrons 
are  accelerated  (0<r<430  ps),  whereas  in  the  following 
ballistic  phase  remains  practically  constant,  while  e,  (and 
therefore  Cjq)  keeps  on  growing  but  slower  and  slower.  This 
corresponds  :  a)  in  the  photoinjector  accelerating  phase,  to  an 
electromagnetic  seif-field  strongly  non-linear  in  both  radial 
and  axial  directions  ;  b)  in  the  ballistic  phase,  to  a  radial 
dynamics  decoupled  from  the  longitudinal  one,  and  with 
negligible  non-linear  effects,  while  for  the  longitudinal 
dynamics  the  lauer  remain  and  slowly  decrease. 


time  f  (ps) 
Figure  la(T=50ps) 


Figure  2a  (t®50  ps) 


In  Figure  2,  and  exhibit,  as  expected  in 
consideration  of  the  azimuthal  motion,  a  strong  maximum 
around  the  lens  center.  Radial  and  azimuthal  dynamics 
coupling  drives  oscillations.  As  expected  again  e,(t) 
remains  unchanged. 


B.  Influence  of  the  lens  magnetic  field  intensity  on  radial 
emitiance  downstream  from  the  lens 


Figure  3 


Figure  3  shows  the  evolution  of  downstream  from  the 
lens,  in  a  region  of  ballistic  propagation,  as  a  function  of  the 
magnetic  field  intensity.  The  beneficial  effect  observed  from 
(=1.5  to  3.2  ns  (for  the  above  particular  values  of  the 
parameters),  i.e.  from  z  =0.4  to  0.9  m  ,  disai^rears  later  :  in 
the  more  suongly  focused  beam,  non-linear  effects  drive  a 
new  emitiance  growth.  In  actual  RF-FEL  further  accelerating 
cavities  are  not  so  distant  from  the  lens  center.  But  taking  a 
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new  acceteration  into  account  does  not  modify  the  above 
result :  die  beneficial  effect  on  e,  of  a  stronger  fig  is  only 
transitory. 

IV.  EFFECTS  OF  MAGNETIC  FOCUSING  ON 
LONGITUDINAL  EMITTANCE  AND  ENERGY 
DISPERSION 

Figures  4.  S  and  6  show  the  influence  of  the  magnetic 
field  intensity  on  the  longitudinal  and  3D  emiitances  e,  and 
as  also  on  the  energy  dispersion  CTy/<y  >.  where  is  the 
y  standard  deviation. 


0  0.5  1  1.5  2  2.5  3  3.5  4 

lima  t  (ns) 


Figure  4 


lime  t  (ns) 

Figure  5 


The  meaning  of  these  curves  is  clear  ;  magnetic  focusing 
drives  strong  growths  for  both  longitudinal  emittance  and 
energy  dispersion.  The  larger  the  magnetic  field  intensity,  the 
stronger  the  growth. 

V.  CONCLUSION 

If  magnetic  focusing  has  an  evident  practical  interest  to 
avoid  an  unacceptable  radial  expansion,  its  beneficial  effect  on 
emittance.  sometimre  emphasized,  seems  to  be  questimiable. 
For  radial  emittance  it  is  moderate  and  transitory.  For 
longitudinal  emittance  (and  for  energy  division),  magnetic 
focusing  induces  a  strong  growth. 

VI.  REFERENCES 

[1]  R.Dei-Cas,  S.  Joly  el  al.,  Nucl.  Instr.  and  Meth. 
A318.121  (1992) 

[2]  B.E.  Carlsten.  Nucl.  Instr.  and  Meth.  A28S,  313  (1989) 

[3]  J.-M.  Dolique  and  J.C.  Coacolo,  Proc.  1991  IEEE 
Particle  Accelerator  Conf.,  San  Francisco,  233  (1991). 

[4]  J.-M.  Dolique  and  J.C.  Coacolo,  Proc.  1992  European 
Particle  Accelerator  Conf.,  771,  Berlin  (1992) 

(51  A.J.  Dragt,  F.  Ncri,  G.  Rangarajan,  Phys.  Rev.  A,  vol. 
45.2572(1992). 


i 


O.OB 

0.07 

0.06 


g 

e 


0.05 

0.04 


&  0.02 

9 

§  0.01 


time  t  (ns) 


Figure  6 


3569 
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AMnct 

Hw  CERN  PS,  aa  part  ot  the  LHC  injectoi  chain,  vrill 
have  to  keep  a  hi^  intoasity,  high  brilliance  beam  for  1.2  s 
at  the  iqiection  energy,  traneverse  particle  density 
will  oceeed,  by  a  factoe  ot  three,  the  bigheet  currently  at¬ 
tained.  CaieM  eq>eriinental  studies  have  recently  been 
carried  out  in  the  PS  to  investigate  transvem  emittance 
biow-i4>  in  such  a  severe  q;>aee  diarge  regime.  In  addi¬ 
tion,  a  new  controlled  longitudinal  blow-up  technique  has 
beat  devdoped  to  produce  bunches  with  flat-topp^  den¬ 
sity  profiles  and,  accordingly,  reduced  peak  current.  Hie 
remits  achieved  so  far  ate  presented  and  discussed. 

I.  INTRODUCTION 

Transverse  emittance  conservation  is  a  migor  concern  in 
the  LHC  iigector  chain  of  LINAC,  PS  Booster  (PSB),  PS 
and  SPS  [1, 2].  In  the  PS,  for  example,  the  total  transverse 
emittance  bl^-up  most  be  less  than  20%. 

One  of  the  peculiarities  of  the  beam  for  the  LHC  is  that 
the  PSB  cannot  deliver  sufficient  intensity  to  the  PS  within 
the  required  transvmeemittances  in  a  single  cycle.  Conse¬ 
quently,  the  PS  beam  will  be  made  op  of  two  PSB  batches 
(each  of  four  bunches)  separated  by  the  1.2  s  PSB  cycle 
time.  The  first  batch  transferred  to  the  PS  will  have  to 
drcolate  at  the  iqjection  energy  of  1  GeV  during  this  time 
in  a  stKmgly  space  charge  dominated  regime,  leading  to  an 
incdMtent  tune  shift,  |AGs,j|  >  0.4. 

Feir  bunches  with  Gaussian  transverse  distributions,  the 
space  charge  detuning  at  the  centre  of  the  bunch  may  be 
written 

AO,  .  =  - i _  (1) 

wh«e  Qm^  are  the  horisontal  and  vertical  tunes,  ro  is  the 
classical  proton  radius  and  e  its  charge,  c  is  the  speed  of 
light,  R  is  the  machine  radius,  and  P  and  7  are  the  uraal 
rriarivistic  factrns;  Jp  is  the  pedc  bunch  current  which,  for 
a  parabcdic  line  riiarge  density,  is  equal  to  3iVbe/2Tb,  with 
Nb  the  nmnber  of  particles  in  the  bunch  and  Tb  the  full 
bunch  duration.  The  rms  transvase  betatron  beam  sixes 
ate 


where  are  the  rms  transverse  emittances,  and 


are  the  average  beta  and  dispersuHi  functions,  and  9plp  is 
the  relative  rms  momentum  spread. 

Large  |AQ,,«|  leads  to  the  beam  crossing  betatron  res¬ 
onances  and  can  cause  transverse  emittance  blow-up.  For 
a  given  beam  intenrity  and  toansverse  emittance,  Eqn.l 
shows  that  |A0,,«i  can  only  be  reduced  by  increasing  the 
energy  of  the  bera  and/or  by  decreasing  Ip.  How  much 
the  PS  iqjection  energy  should  be  raised  and  what  can  be 
dme  to  reduce  the  peak  bunch  current  are  the  two  points 
addressed  here. 

II.  SPACE  CHARGE  INDUCED 
TRANSVERSE  BLOW-UP 

A.  Blow-up  Evaluation  Method 

Refined  tracking  programs  exist  [3,  4]  to  evaluate  beam 
blow-up,  but  simulation  of  the  PS  beam  during  1.2  s  would 
require  excesmve  computing  time.  Inrtead,  several  exper¬ 
iments  simulating  LHC  beam  conditions  ha* '  en  ccm- 
ducted  in  the  PS  (^.  These  tests  were  petfomL.j  at  the 
present  iqjection  energy  of  1  GeV  and  the  space  charge 
tune  shift  was  modified  by  varying  the  bunch  length  by 
means  of  the  RF  voltage.  After  iqjection  in  the  PS,  the 
RF  v(Jtage  was  raised  and  maintained  at  an  devated  value 
for  800  ms,  thoi  returned  to  its  original  value  as  shown 
in  Fig.l.  Beam  emittances  before  and  after  the  voltage 


Figure  1:  Beam  current  (2  x  10^^  protmis/div.)  and  RF 
voltage  (50  kV/div.)  vosus  time  (^  ms/div.). 

increase  were  measured  by  flying-wire  scanner  and  com¬ 
pared.  The  experiment  was  performed  at  two  different 
working  points.  As  expected,  slightly  raising  Qi  improves 
the  situation  as  the  beam  moves  away  ft(Hn  the  intega  res¬ 
onance  Qt  =  6.  However,  in  order  to  avmd  the  third-order 
resonance  Qg  =  6.33,  Qg  was  not  set  above  6.28. 
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B.  BmuIU 


III.  FLAT-TOPPED  BUNCHES 


The  nmlta  diown  is  Fig.2  an  plotted  as  a  function  of 
the  detoung  calculated  from  the  measund  beam  dimen¬ 
sions.  Hm  detuning  expected  fr<»n  Eqn.l  for  the  LHC 
beam  at  1  GeV  in  the  PS  is  >  0.4,  so  that  Fig.2 

can  be  used  to  estimate  that  the  nsultant  transverse  emit- 
tance  blow-up  would  exceed  30%.  An  acceptable  emittance 
increase  requites  <  0.3  which,  from  Eqn.l,  implies 

that  the  PS  injection  energy  must  be  raised  to  1.4  GeV. 


A.  Principle 

For  the  same  n»  pfoton  bunches  with  flat-tt^ped  density 
profiles  have  lower  Ip  than  the  mon  usual  quasi-parabidic 
bunches.  Reduction  of  the  space  charge  induced  tune  shift 
is  then  expected  (from  Eqn.l),  tot  the  same  trauvorse 
particle  distributions,  and  has  indeed  been  obtained  us¬ 
ing  second  harmonic  cavities  [6].  Although  effective,  the 
latter  technique  has  the  disadvantage  of  requiring  an  ad¬ 
ditional  RF  system  throughout  the  low-«mgy  stages  of 
acceleration. 

However,  flat-topped  bunches  can  be  matched  to  a  sin¬ 
gle  RF  system  pven  a  suitable  distribution  c€  particles  in 
longitudinal  phase  space.  Experiments  performed  in  the 
past  to  capture  a  LINAC  beam  with  a  hollow  esaetgy  dis¬ 
tribution  have  been  inconclusive  [6]. 

B.  Metkoi 

A  new  method  has  been  developed  to  trsnsf<»m  bunch 
profiles  from  quasi-parabolic  to  flat-topped  using  two  baric 
ingredients: 


Figure  2:  Mean  emittance  blow-up  versus  vertical  space 
charge  tune  shift,  AQt,  for  two  different  working  points: 

=  6.22,6.22  and  Qi’i  =  6.22,6.28.  The  emittance 
blow-up  is  evaluated  as  1  A£/£  with  S  =  {Sg  +  St)/2. 

AQm  is  calculated  from  the  initial  beam  dimensions. 


Beam  blow-up  has  also  been  measured  as  a  function  of 
time  and  this  is  plotted  in  Fig.3.  No  alteration  of  the  shape 
of  the  transverse  distributions  was  observed. 
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Figure  3:  TVansverse  onittances,  €g,t,  versus  time  in  a 
strcmg  space  charge  regime  (|AQc,j|  =  0.45)  at  1  GeV 
with  Qg,t  =  6.22,6.28.  Iqjection  is  at  t  =  0. 


•  a  depopulation  of  the  bunch  centre  by  a  dipolar  exci¬ 
tation  of  the  bunch  within  the  bucket  (peak  phase  ex¬ 
cursion  Amod  at  modulation  frequency  /mod  for  nmod 
periods), 

•  a  "smoothing”  of  the  resulting  filamentatimi  by  a  high 
frequency  RF  voltage  slightly  offret  (A/)  from  a  har¬ 
monic  of  the  main  RF. 

Fig.4  shows  the  buckets  of  the  two  RF  ccnnponents 
drawn  independently  in  phase  space  for  the  parameters 
in  Table  1. 
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Figure  4:  Longitudinal  phase  space  during  the  producti<Hi 
of  flat-topped  bunches. 


In  order  to  reduce  further  the  harmful  effects  of  space 
charge,  could  be  increased  to  lower  fp.  However,  there  is 
little  margin  fw  thia  in  the  PS  as  the  constraints  imposed 
by  the  iqjection  kicker  rise  time  and  by  the  available  RF 
bucket  confine  rt,  within  a  200  ns  bound. 


Vkm» 

[kV] 

I4*d 

/mod 

(kHs] 

^a«4T» 

(kVJ 

A/ 

pcHs] 

44 

27 

1.65 

7 

6.5 

9.9 

Table  1:  Parameters  to  produce  flat-topped  bunches. 
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C.  SMftrmutUti  ResiMs 

Tlie  exteat  to  which  flat-t<q>p«d  bunches  combat  trans- 
vote  bkMT-up  has  beoi  meaaored  in  the  PS  in  an  exper- 
UDMit  very  siinilar  to  that  described  above  at  a  working 
point  of  s  8.22,6.22.  By  applying  the  parameters  of 
IhUe  1  to  a  quasi-parabolie  bunch  like  that  of  Fig.5,  the 
flat-topped  bunch  Fig.6  was  produced.  Hie  entire  pro¬ 
cess  larted  10  n»  and  caused  some  longitudinal  blow-up. 
'I%e  transverse  onittanees  oi  such  a  bunch  were  measured 
before  and  after  a  four-fold  increase  in  RP  voltage,  as  de¬ 
scribed  above.  These  measurements  were  repeated  with 
the  same  voltage  programme  applied  to  a  quasi-parabolic 
bunch  whose  length  had  been  increased  by  a  conventional 
controlled  longitudinal  blow-up  [7],  without  modifying  its 
diiqie,  to  match  that  of  Fig.6.  The  overall  emittance 
growth  {LSfC)  due  to  the  800  ms  at  elevated  tune  shift 
was  29%  in  the  case  of  quasi-parabolic  bunches  compared 
with  only  17%  for  the  flat-topped  ones. 


Figure  5:  Quasi-parabolic  bunch.  The  dotted  curve  is  a 
Gaussian  fit  to  the  1-D  density  profile  (upper  trace).  The 
lower  trace  is  the  2-D  phase  space  density  derived  from  the 
profile  by  an  Abel  transform  [8]. 


Figure  6:  Flat-topped  bunch.  The  Abel  transform  reveals 
the  depopulation  at  low  i^chrotron  amplitude. 

A  “bunch  shiqie  quality  factor”,  Qt,  has  been  devised  in 
analogy  with  the  familiar  bunching  factor  and  defined  as 
the  ratio  of  the  mean  to  peak  line  charge  density,  where 
the  mean  is  taken  over  ±>/3  rms  standard  deviations  about 


the  centre  of  the  bunch  rather  than  over  the  e^ire  bucket 
tength  or  machine  circunofetence.  This  makes  Qt  largely 
insensitive  to  the  aq;>ect  ratio  of  the  budwt  while  the  fsc- 
of  ^/5  was  chosra  so  that  Qt  is  unity  for  a  perfectly 
rectangular  pn^le.  An  increase  in  Qt  firom  78%  in  Fig.5 
to  89%  in  Fig.6  is  achieved. 

Flat-topped  bunches  have  been  produced  at  1  GeV  and 
3.5  GeV/c,  at  intensities  in  the  range  2-6.5  x  10^^  pro¬ 
tons  per  bunch,  and  have  proved  stable  under  closed-kxqi 
conditions:  th^  have  remained  flat  for  ~  1  s  at  constant 
energy  and  even  alter  acceleration  across  tranntkm. 

IV.  CONCLUSIONS 

Experiments  at  1  GeV  in  the  PS  under  ctmditknis  rimilar 
to  those  that  will  prevail  for  the  beam  for  the  LHC  indicate 
that  the  energy  of  the  PSB-to-PS  transfer  should  be  raised 
to  1.4  GeV  to  preserve  the  transverse  emittance  quasi¬ 
parabolic  bunches. 

A  new  method  for  creating  flat-topped  bunches  has  been 
developed  and  tested.  Such  bunches  are  longitudinally  sta¬ 
ble  and  are  less  prone  to  transverse  blow-up  due  to  tpaee 
charge  induced  tune  shift.  The  method  will  be  employed 
in  the  PSB  for  the  benefit  both  of  the  PSB  itself  and  of 
the  downstream  PS.  It  could  be  of  interest  in  other  apace 
charge  limited  synchrotrons. 
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Abstract 

Transverse  emittance  growth  doe  to  coherent  instabiitties  in 
the  Femdlab  anti|HOton  accumulator  imposes  a  limit  on  the 
number  of  andprotons  «4iich  can  be  stad^  and  subsequently 
transferred  to  the  collider.  Consequently,  the  diagnosis  and 
control  of  these  phenomena  has  been  required  to  further 
increase  the  himinasity  of  the  collider.  In  this  paper  we 
present  an  overview  of  the  techniques  by  which  these 
instabilities  have  been  studied  tmd  the  methods  by  which  they 
amconiiotled. 

1.  INTRODUCTION 

The  Fermilab  andproton  accumulator  was  designed  to  de¬ 
liver  intense  p  bunches  at  8  CieV  kinetic  energy  to  the  main 
ring  for  acceleration  and  injection  into  the  Tevatron  p-  p  col¬ 
lider.  The  intensity  of  the  ?  bunches  extracted  from  the  ac- 
crnnulatof  is  a  priitcipal  determiner  of  the  luminosity  of  the 
collider. 

The  p  bandies  are  extracted  by  crqHuring  some  fracdon  of 
the  p  stack  in  a  1.25  eV*sec  RF  bucket,  accelerating  the  cap¬ 
tured  beam  across  the  accumulator  momentum  rqierture  to  an 
extraction  orbit,  and  kidting  the  beam  on  the  extraction  orbit 
into  the  transfer  line  connecting  the  accumulator  to  the  main 
ring  acceletatar.  The  intemuty  of  the  extracted  P's  is  therefore 
determined  by  two  things:  (1)  the  longitudinal  density  of  the 
beam  in  the  jf  stack  (i.e.  the  munber  of  P's  captured  in  a 
1.2S  eV*3ec  budcet).  and  (2)  the  efficiency  of  the  uansfer  from 
the  accunuilator  to  the  main  ring.  However,  optimizing  either 
or  both  of  these  can  lead  to  transverse  instabilities  in  the  p 
stack. 

The  criteria  for  transverse  .stability  can  be  written  in  terms 
of  the  longitudinal  density(l]: 


eR 

Zr 

A9ypcQ 

{n-Q)nH 

The  longitudinal  density  of  the  ^  .stack  is  increased  by  increas¬ 
ing  the  beam  inioisity  (  /q)  and/or  decreasing  the  momentum 
qaead(d^/p)  of  the  beam.  It  is  evident  from  equation  (1) 
tto  attempting  to  increase  the  intensity  of  the  extracted  p 
bunches  by  ddng  either  trf'  these  decreases  the  margin  to  trans- 
vene  instdiiliQ'. 

In  addition  one  can  increase  the  inteasity  of  the  extracted  p 
bunches  by  endeavorii^  to  increase  the  trmisfer  efficiency  into 
the  main  ting.  This  can  be  accomplished  by  reducing  the 
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transverse  size  of  the  extracted  P  bunches  below  the  admit¬ 
tance  the  transfer  line  and  the  main  ring.  To  this  end,  the 
accumuiater  is  equipped  with  betatron  stochastic  cooling  with 
sufficient  gain  to  achieve  smaller  than  1.0ir  mm*mrad  abso¬ 
lute  emittance  horizontally  and  vertically  for  a  stack  size  of 
10’^  p's  (101  mA).  There  are,  however,  limitations  to  the 
transverse  emittance  reductions  which  can  be  achieved.  Hrst, 
the  small  momentum  spread  of  the  ^  bunches  causes  a  degra¬ 
dation  in  the  stochastic  cooling  pickup  to  kicker  mixing 
facior{2].  Secondly,  a  reductiim  in  the  transverse  size  of  an  in¬ 
tense  negatively  charged  beam  increases  the  depth  of  the  beam 
space  charge  potential  well  for  trapping  positively  charged 
ions,  which  decreases  the  margin  to  km  imkiced  instabilities. 

The  combined  effect  of  excessivdy  increasing  the  longiu- 
dinal  density  and  decreasing  the  transverse  bemn  size  to  in¬ 
crease  the  intaisity  of  the  extracted  p  bunches  (hiring  coDider 
(^ration  is  illustrated  in  Figure  1.  This  Figure  shows  the 
time  evolutiem  of  the  horiztmtal  and  vertical  emittances  after 
the  beam  has  been  cooled  below  the  trapped  ion  instability 
threshold. 


Figure  1 .  Transverse  cote  emittances  versus  time. 


The  horizontal  emittance  undergoes  a  ra|»d  70%  growth  at 
approximately  25  minute  intervals.  The  vertical  emittamte 
shows  a  similar  pattern;  in  phase  with  the  horizcmtal  {dane, 
albeit  with  a  much  smaller  amplitude.  The  emittance  growth 
is  small  enough  to  {Meclude  beam  loss,  however  the  horizontal 
excurskms  give  rise  to  emittances  which  are  much  larger  tIUDi 
the  admittance  of  the  transfer  line*  or  the  main  ring.  The  long 
recovery  times  present  serious  cyieratianal  difficulties  (hiring  p 
extraction. 

A  variety  of  techniques  to  simultaneously  stalnlize  the  P 
stack  and  maximize  the  number  of  extracted  p's  have  been 
successfully  employed.  These  techniques  include:  (1)  opti¬ 
mization  of  the  accumulator  operating  point,  (2)  the  use  of 
wide  baud  active  dipole  dampers,  and  (3)  various  trtqiped  ion 
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clearing  ineiboda.  A  very  brief  survey  of  these  techniques  is 
given  in  what  follows. 

n.  ACCUMULATOR  OPERATING  POINT 

Thne  are  three  basic  considerations  vis-h-vis  the  accumula¬ 
tor  tolerating  point:  (1)  chromaticity,  (2)  the  location  of  the 
nmes,  and  (3)  coupling. 

The  convention  wisdom  regarding  the  chromaticity  is  that 
it  be  positive  to  increase  Landau  damping  trf  unstable  coherent 
diptde  modes,  but  not  so  large  as  to  cause  the  tune  spread  to 
span  a  resonance.  Currently  the  allowed  accumulator  cfaro- 
maticity  is  highly  constrained  by  the  requirement  that  the 
times  be  "reasonable”  throughout  the  170  MeV/c  (2%)  mo¬ 
mentum  aperture  and  excellent  on  the  extraction  orbit.  This 
requirement  is  due  to  the  fact  that  the  accumulator  injec¬ 
tion/extraction  orbits  and  the  p  con  orbit  are  on  the  opposite 
sides  of  the  momentum  ^rture;  therefore,  during  both  p 
stacking  and  extraction,  the  beam  is  moved  across  the  most  of 
the  momenhim  aperture.  Also,  during  extraction  the  P  bunch 
rem^s  on  the  extraction  orbit  for  an  appreciable  amount  of 
time  (~S00  msec)  prior  to  being  kicked  out  of  the  accumula¬ 
te. 

Because  of  these  constraints,  the  accumulator  is  currently 
operated  with  ^h°0.05.  and  =  -0.3  (4  *  dQ/d(Ap/p)}. 
In  the  future  there  are  two  items  which  may  improve  the 
chromaticity  situation:  (1)  an  upgrade  in  the  etupole  circuit 
power  soi^lies  which  will  allow  mee  compensation  for  the 
tune  excursion  due  to  chromaticity.  and  (2)  a  redesign  of  the 
accumulator  extraction  lambert.son  which  currently  has  an  ap- 
precitmie  affect  on  the  extraction  orbit  tunes. 

There  is  some  small  evidence  that  the  horizontal  and  verti¬ 
cal  tunes  have  an  impact  on  beam  stability.  A  beam  transfer 
function  measurement  capability  to  obtain  a  quick,  real-time 
detomination  of  the  dependence  of  the  beam  stability  diagram 
(Ml  the  tunes  is  being  developed.  To  dale,  the  systematic  scan 
of  the  tunes  which  would  be  necessary  to  understand  any  lela- 
tionship  of  the  tune  working  point  to  the  stability  of  the  beam 
has  not  been  completed . 

The  introduction  of  tune  coupling  by  means  of  .skew 
quadrupcdes  has  been  observed  to  have  a  stabilizing  effect  on 
the  beam.  A  possible  explanation  of  this  may  have  to  do  with 
the  fact  that  the  horizont^  chromaticity  is  clo.se  to  zero;  there¬ 
fore  horizontal  coherent  oscillation  will  sec  minimal  Landau 
damiMng.  When  coupling  is  inserted,  the  horizontal  plane  luiw 
benefits  from  the  much  greater  vertical  tune  spread.  In  prac¬ 
tice,  the  accumulator  is  operated  with  the  tunes  uncoupled. 
This  is  done  to  simplify  various  routine  diagnostic  measure¬ 
ments.  The  detrimental  effects  of  uncoupling  the  tunes  are 
more  than  compensated  for  by  employing,  any  of  the  beam  sta¬ 
bilizing  techniques  described  below. 

in.  ACTIVE  DAMPERS 

Calculations  of  the  accumulator  transverse  impedanceP] 
indicate  that  a  stadc  of  10‘'  p's  will  be  un.siable  at  a  dp/ p 
of  0.07%  (FWHM)  and  (n-Q)  3.  Therefore,  the  necessity 

of  actively  damping  coherent  transverse  oscillations  of  the 
beam  was  recognized  early  in  the  design  of  the  accumulator. 


In  practice,  a  horizontal  and  vertical  danper  are  required  for  op¬ 
eration  of  the  accumulator  with  p  stacks  greater  than  approx¬ 
imately  20  mA. 

The  principle  design  requirements  of  the  damper  s3rslBms 
an  to  ccMitinuously  damp  transverse  coherent  oscillation  durii^ 
antiproton  accumulation  and  extraction,  and  provide  a  flexible 
diagnostic  tool  for  the  study  of  the  transverse  bdiavior  of  the 
beam.  The  dampo' systems  sense  the  transverse  center  ttf  mass 
motion  of  the  beam,  amplify  the  resultant  electrical  signal, 
insert  a  delay  to  match  the  uansii  time  of  the  beam  and  aqiply 
a  correcting  kick. 

The  damper  systems  consist  of  O.S  meter  IcMig  str^line 
pickups  bade  terminated  in  high  impedance  capacitive  loads  to 
flatten  the  low  frequency  response,  high  input  impedance  dif¬ 
ferential  preamplifiers,  [diase  compensation  filters  tmd  diagnos¬ 
tic  switches,  c(Hielator  notch  filters  to  reject  revoluticm  har¬ 
monics,  and  power  amplifiers  driving  50  (I  stripline  kiedeers. 
Hie  system  phase  respon.se  is  flat  from  240  kHz  (which  is  just 
below  the  1-Q  beam  resonance)  to  over  SO  MHz.  The  system 
gain  peaks  below  240  kHz  due  to  the  phase  compensation 
filters  and  is  flat  from  3  MHz  to  over  50  MHz  [4]. 

A  damper  system  upgrade  is  planned  for  the  summer  of 
1993.  The  upgrade  plans  include;  higher  impedance  preampli¬ 
fiers  to  provide  flatter  gain  and  [diase  below  1  MHz.  rear¬ 
rangement  of  the  medium  level  elecUtMiics  to  provide  for  more 
reliable  operation,  and  additional  coupled  input  and  ouqxit 
ports  for  improved  diagnostics  and  closed  loop  beam  measure¬ 
ments. 

IV.  TRAPPED  ION  CLEARING 

Positively  charged  ions  trapped  in  the  beam  potential 
have  been  identified  as  the  primary  cause  of  the  transverse  in- 
.stabilities  which  have  been  observed  to  date  [5].  This  identifi¬ 
cation  prompted  a  concentrated  investigation  into  a  variety  of 
ion  clearing  methods.  The  implementation  of  some  of  these 
methods  resulted  in  a  marked  improvement  in  the  operatitMial 
perfonnance  of  the  anii|MX)ton  source[6]. 

A  Clearing  electrodes 

The  most  fundamental  and  effective  way  to  remove  trapped 
ions  is  the  clearing  electnxle.  Recently  the  accumulator  ion 
clearing  electrode  sy.stem  underwent  a  significant  upgrade.  The 
high  voltage  limit  was  extended  from  -1(X)  Volts  to 
-1000  Volts.  Clearing  electnxies  were  added  to  the  system  to 
clear  trapped  ion  pockets  which  had  previously  not  been 
cleared.  There  are  now  140  clearing  electrodes  installed 
throughout  the  accumulator.  The  level  of  multiplexing  in  the 
clearing  current  reitdback  has  been  reduced  from  one  clearing 
current  sum  for  each  of  the  six  accumulaUM'  sectors  to  a  single 
readout  for  each  two  or  tluee  electnxies.  The  sensitivity  of  the 
current  leadback  is  at  the  10  pA  level,  [xoviding  a  powerful 
t(X)l  for  the  diagno.sis  of  ion  related  phenomena.  A  more  de¬ 
tailed  description  of  the  hardware  upgrade  is  given  in  referroce 
16]. 

The  coasequeni  improvement  in  the  perfcxmance  of  the  an¬ 
tiproton  stxirce  can  be  measured  by  comparing  the  minimum 
beam  size  achievable  (in  three  dimensions)  befexe  and  after  the 
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u|>gnde.  Figure  2  siwws  a  |4ot  of  the  miniinum  horizootal 
emittanoe  achieved  ventis  the  loBgitudinal  density  of  the  Ji 
stack. 


LongiUidtMl  D«n*lty  (mA/«V-*K) 


Figure  2.  Transverse  beam  size  versus  longitudinal  den¬ 
sity  before  and  after  the  ion  clearing  upgrade. 

Mor  to  the  clearing  upgrade,  relatively  small  longitudinal  den¬ 
sities  (£  7X  10^^  }i's/eV*sec)  would  result  in  transverse  in¬ 
stabilities.  These  instabilities  would  preclude  further  trans¬ 
verse  cooling  of  the  beam.  The  advent  of  the  ion  clearing  up¬ 
grade  increased  the  achievable  longitudinal  density  by  a  factor 
of  nearly  2  fiir  horizontal  emittances  netr  the  threshold  for  effi¬ 
cient  transfer  inio  the  main  ring. 

The  km  clearing  upgrade  prevented  the  periodic  emittance 
Uowups  for  f  Slades  of  less  than  120X  lO^*.  However,  as  is 
evident  in  Figure  2,  the  transverse  beam  size  is  too  large  for 
efficient  transfer  into  the  main  ring  at  longitudinal  densities  in 
excess  of  llxiO’®  p's/eV»sec. 

B.  Beam  Shaking 

Prior  to  the  clearing  electrode  system  upgrade,  stable  opera¬ 
tion  of  the  accumulator,  during  both  stacking  and  Jf  extrac¬ 
tion,  required  the  use  of  beam  shakers[7].  To  date,  this  ion 
clearing  technique  involves  shaking  the  beam  at  a  fixed  fre¬ 
quencies  which  are  simultaneously  clo.se  to  one  or  more  of  the 
betatron  dipole  resonances  of  the  beam  and  the  bounce  fre¬ 
quency  of  trapped  kms. 

Since  the  dealing  electrode  upgrade  the  beamshakers  have 
had  no  observable  operational  impact  and  are  normally  turned 
off.  There  is  an  effort  in  progress  to  implement  .swept  fre¬ 
quency  beam  shaking  in  the  accumulatoitS].  So  far  this  under¬ 
taking  hm  not  progressed  far  enough  to  achieve  a  measurable 
improvement  in  beam  stability. 

C.  Longitudinal  modulation  of  beam  intensity 

Bunching  a  snudl  fiaetkm  (5%  -  l.S%)  of  the  ^  beam  with 
RF  has  been  observed  to  have  a  .stabilizing  effect  on  the  beam. 
T^  staMization  is  manifested  in  three  ways:  (I)  beam  with 
mitttmees  in  equilibrium  will  exhibit  a  nniie  cooling  rate 
.u^en  the  RFis  turned  on  (see  Hgore  3),  (2)  periodic  emittance 


blowups  are  elkninaied  for  intrase  beams  (up  to  135  mA).  and 
(3)  the  amplitude  of  the  coherent  betatron  dipole  osdllatiaos  is 
damped  (see  Hgure  3). 


Bgure  3.  Time  evolution  of  the  p  beam  transverse 
emittances  and  the  power  in  the  2-Q  dipole  osdllation 
after  the  beam  is  bunched  with  RF. 


Figure  3  shows  about  a  20%  reduction  in  the  transverse 
emittance  after  the  RF  is  turned  on.  The  lower  emittance  is 
preserved  for  several  hours  after  the  RF  is  turned  off.  This 
effect  is  the  subject  of  an  ongmng  study[6]. 
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lYansverse  l^dls  and  Higher  Order  Moments* 
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TIm  taila  that  may  b«  oigandeted  in  a  beam’s  tranavene 
fdiase  qMM  diatributkm  by,  e.g.,  intrabunch  wakdiel<k 
and  mmlinear  magnetic  fiel<b,  are  an  imp<»tant  diagnoe- 
tic  and  dl>ject  of  tuning  in  linear  coUidera.  Wire  acannera 
or  phoq>liwesoent  screen  nKmitors  yield  one  dimensional 
projected  spatial  pr<^Uea  ci  audi  beams  that  are  generically 
asymmetric  around  their  centroids,  and  therefore  require 
diatacterisation  by  the  third  moment  {z*)  in  addition  to 
the  ccmventional  mean-square  or  second  mmnent.  A  set 
of  measurements  spread  over  sufficient  phase  advance  then 
allowa  the  compl^  set  (x^),  (xx'^),  (x'*),  and  (x’x') 
to  be  deduced — the  natural  extenrion  of  the  well-known 
‘emittance  mehaurement’  treatment  of  second  moments. 
The  four  third  moments  may  be  usefully  decomposed  into 
parts  rotating  in  phase  space  at  the  /^tron  frequency  and 
at  its  third  harmonic,  each  specified  by  a  phase-advance- 
invariant  amplitude  and  a  phase.  They  provide  a  frame¬ 
work  for  the  analysis  and  tuning  of  transverse  wakefield 
tails. 


Third  Mcnueiits 

The  totally  symmetric  tensor  of  third  mcunents  (x^x^xs) 
(t  as  the  number  of  phase  space  dimensions) 

evolves  in  a  linear  beamline  [1]  with  transfer  matrix  R 
according  to 

(zizjzt)  — ►  Ru'Rji'Rkv  {x<*x/<x*«)  (1) 

In  ncmnal  coordinates  for  2-dimensional  phase  space  i  = 

{iiijik)  — » OwOjj'Ohv  (2) 

where  O  is  a  2  x  2  rotation  matrix. 

In  two  phase  q>aee  dimensions  (x^x^xt)  has  4-components, 
via., 

<x»>,<x.'»),(.^*),  (3) 

Four  skew  (£*)  as  measurements  ate  necessary 

and  sufficient  to  detennine  the  four  independent  compo¬ 
nents  at  scnne  reference  point  defined  as  being 

at  phaM  advance  =  0 

<i*)  as  eos*(Aifr)  (i*)j  -I-  3coe(A^)rin*(A^)  {xi'’>„ 

-f sin»(A^)  <x'»>,  +  3sin(A^) cos»(A^)  <x»x'>o  (4) 

=  (<«•>, -3<M'’>„) 


*  Wodi  sapp<»ted  by  the  Department  ci  Emagy,  contract 
D£-AC03-7CSF00S15. 


-  \  rinCSAtfr)  «x'*)o  -  3  (x*x'>„) 

+  I  cos(At^)  ((f»>„  -»■  <x£'*>o) 

+  I  sin(At>)  +  (i’x')J  (5) 

The  second,  Fourier  series  expression,  s1k>ws  that  first  and 
third  /^tron  harmonics  enter. 

The  linear  combinations 

(x*)  -f  (ix'*)  =  r  sin  *  (6) 

(x'»)-|-(x*x'>a=rcos*  (7) 

transform  analogouriy  to  (x^),  t.e.,  V  — »  9  Atft  alcmg 
the  beamline  and  r  >  0  is  invariant.  The  complementary 
linear  combinations 

<x*>  -  3  (xx'’)  =  -xsin*  (8) 

(x'*)  -  3  ’«')  =  «  cos  ♦  (9) 

rotate  at  three  times  the  n<»mal  phase  advance,  t.e.,  4  -* 
4  -f  ZAip  along  the  beamline,  with  x  >  0  invariant. 

There  are  no  eympleetic  invariants  (like  emittance)  for 
odd-order  moments,  but  there  ate  usriul  phase-advance- 
invariants  (t.e.,  invariants  with  reqmct  to  the  rotational 
sub-group  of  the  full  symplectic  group),  analogous  to 

|tr  ^xx^^  =s  e,  the  matched-equivalent  emittance.  Th^ 

are  in  correspondence  with  the  irreducible  rq;>resentations 
of  the  rotation  group  50(2)  contained  in  the  moments  ten¬ 
sor. 


The  components  can  then  be  parameterised 

(i®)  =  jrsin#  —  ^xsin^ 

(10) 

(x»'®)  =  irsin*  +  ixsin* 

4  4 

(11) 

(*'*)  =  cos 4^  -1-  ^xco64 

(12) 

(x*i')  =  ircos#  —  ^xcos4 

(13) 

(x'*)  and  (x^)  are  related  by  a  90*  phase  shift,  and 


<**">  = 


(14) 

(15) 


analogous  to  the  2”**  moment  relation  (xx^)  =  |d  (s’)  /d4>. 
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Sampling  the  obeervable 

=  |TMii(A^  +  't)- |K*in(3A^  +  *)  (16) 

at  at  least  4  appropriate  phases  then  makes  possible  the 
detmninatioiD  the  two  invariants  and  two  phases  that 
are  equivalent  to  knowing  the  4  independent  moments  at 
a  point. 

A  ‘simple’  asymmetric  phase  space  tail  is  characterised  as 
having  4  third  moments  with  the  property  that  there  is 
some  (ripd)  phase  rotation  that  reduces  3  of  them  simul¬ 
taneously  to  aero.  The  rotation  can  be  choaen  such  that  the 
non-vanishing  moment  is  and  the  associated  beam¬ 
line  phase  regarded  as  an  eifeetive  phase  at  which  the  skew 
or  asymmetric  tail  originated  in  an  impulse  or  kick.  In  in¬ 
variant  terms  a  ‘simple’  tail  has  k  =  r  and  some  phase 
where  4  =  9  =  0,  t.e.,  4  =  39  (modulo  2t). 

Mote  gmerally  it  is  useful  to  identify  a  ‘principal 
axis’  phase  P  at  which  is  maximised,  and  hence 

=  0;  the  magnitude  of  the  (x*)^  and  (x’x')^  < 
moments  then  measures  how  ‘simple’  the  tail  is. 
For  a  ‘simple’  tail  =  a  =  r. 

In  4-dimen8ional  phase  space  there  are  12  additional  third 
moments  ((x^y),  (xx'y),  etc.),  that  ate  in  principle  acces¬ 
sible  throu^  the  observable 

<x*y>  +  <xy»)  =  I 

containing  Fourier  ctnnponents  for  A^«,  2A9«  dt 

and  A^.  d:  2A^y,  and  corresponding  to  irreducible 
representations  of 50(2)  x  50(2).  Thus  observations  must 
be  made  at  at  least  12  phase-advance-incommensurate 
beamline  locations  for  a  complete  4-dimensional  analysis 
to  be  made.  There  are  5  4^**  moments  in  2  phase  spaw 
dimensions,  and  35  in  4  dimennons. 


(17) 


FlO.  1  An  ‘asymmetric  Gaussian’  fit  to  SLC  wire  scanner  data, 
indicating  a  wakefidd  tail. 


Asymmetric  Gaussian-Uke  f^cticm 

A  simple  and  useful  beam  profile  fitting  function  can  be 
constructed  by  allowing  the  width  of  a  Guissian  function 
to  be  different  on  the  right  &om  on  the  left 

ffi,  =  <7’o(l  —  E),  aft  =  o’o(l  E)  (18) 

(vl  +  <^n)/2  =  (To  as  for  a  (symmetric)  Gaussian,  and 
the  asymmetry  (©•«  —  <rj,)/(<rii  +  ol)  =  5  is  bounded: 
—I  <  E  <1.  Fitting  (Fig.  1)  to  the  five  parameter  function 
(including  a  background  ofi^t) 

=  [-  (1.) 

yields  ((X  -  (x))*}  =  2^1  [1  +  (^  -  5)  5>]  EC*. 

Phenomenology  of  Transverse  Wakefield  Tails 

In  the  case  of  Wakefields  the  asynunetry  arises  from  the 
fact  that  kicks  are  longitudinally  differential,  i.e.,  Ax^  = 
(e*/5)  f  dNra  W'i(r  —  Tti)(xro  —  the  impulsive 

point  dipole  wakefield  Wx(Ar)  depends  on  the  longitudi¬ 
nal  coordinate  difference  Ar,  N  is  the  bunch  population, 
E  the  beam  energy,  and  (  the  structure  offset.  A  ‘simple’ 
tail  corresponds  to  a  sin^e  impulsive  excitation  or  series 
of  multiple  excitations  that  are  sufficiently  weak  that,  be¬ 
ing  dominantly  first  order  or  ‘two-particle’  like,  they  obey 
vector  addition  in  phase  space  (Fig.  2a). 

The  exact  relationship  between  third  moments  or  tails  and 
rms  emittance  depends  on  the  details  of  the  mechanism — 
second  and  third  momenta  are  a  priori  independent.  In 
the  simple  though  qualitatively  representative  model  in 
which  the  wakefield  coefficient  depends  linearly  on  longi¬ 
tudinal  distance  Wx  =  Wj,8(r  —  Tb)  (r— fb)*  the  matched- 
equivalent  emittance  e  [2]  of  a  ‘simple’  wriiefield  tail 

<») 

The  upper  geometric  factor  corresponds  to  a  Gaussian  and 
the  lower  to  a  uniform  (step)  longitudinal  distribution,  and 
(r^)  is  the  mean  square  bunch  length. 

For  a  prior  emittance  co,  the  net  prompt  emittance  e  = 
+  2coc,  growing  still  further  to  e  =  cq  -f  e  if  filamentar 
tion  subsequently  occurs.  The  significance  of  relating  the 
emittance  due  to  wakefields  to  the  third  moments  is  that 
it  connects  observable  quantities — the  third  moment,  un¬ 
like  the  second,  can  be  expected  to  be  due  entirely  to  the 
transverse  wakefield. 

The  Lorentz  invariants  7®/’  (xiXjXu),  and  are 

usually  most  convenient  to  deal  with.  It  is  useful  to  note 
that  for  ’y*^*{x*)p  =  10“^  m*/*  =  10*^  (pm-^rad)®/*, 

the  maximum  fractional  skew  = 

7®/®{x'®)p/(7«)®/®  =  1  for  an  invariant  emittance  ye  2 
2.15  •  10~®m,  and  that  ye  2  0.84  •  10~®m  for  a  ‘simple’ 
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Fig.  2  Pkaae  qwoe  distnbvtioiis  in  beam  oeatioid  nibtzacted 
mnmal  oootdBBatea  ia  arUdi  4be  toaaamae  oestimds  fix  definite 
loncitiMliaal  'iBoea'  arc  mdkated  b]^  dasbed  linea,  and  kmgitn- 
dinal  aegmeata,  eacli  coataiung  1/9  of  tbe  total  beam  diaige, 
am  abowB  aa  didea  ocxieaponduig  to  a  traaaveiae  ymittaace 
740  SI  3  •  10”*  m. 

(a)  7»/2|t  =  7»/»T  s  2.3  •  10-^  m»/»,  7?  =i  1.4  •  10"*  m,  aad 
74  =  0[S1. 

(b)  7»/»«  m  7»/’r  =  18  •  IQ-^m*/’,  ye  =  5.8  •  10-»m,  aad 
ye  =  0.02  •  10~*  m. 

(c)  7«/V  s  4.8  •  l(r'm*/»  7»/>«  =  0.9  •  10“^m*^»,  ye  = 
2.4  •  10“*  m,  aad  ye  =  2.3  •  10”*  m. 


tail,  i^raetkmal  dcew  aad  emittance  are  in  general  related 
by 


(  0.39010  ^  r7*'’<*'*>p 

V(70/67)3/»  •  4/5/  (7^3/a  J 


3/3 


{(?-co)/<o,  4-eo<«o 
j[7/eo,  «  >  Co 


(22) 


If  tbe  traarnmne  ollaete  relative  to  tbe  bunch  centroid  of 
■igiiHIcant  firaetioiia  of  the  charge  become  comparable  to 


the  (Aet  of  the  centroid  rdative  to  the  center  of  cylindri¬ 
cal  oymmetry  of  the  atracture,  the  taU  will  deviate  from 
the  ‘iimple’  fonn  (Pig.  2b).  Neveitheleni  for  a  (Imearly) 
increaaing  p<wt  wakefidd  frinetion,  Um  tenaor  of  dtitd  mo¬ 
menta  will  ivpear  *aimple’  in  aa  much  aa  the  third  momenta 
will  be  dominated  by  partidea  that  get  deflected  to  large 
phaae  qmce  diataacea^ar  from  tbe  bulk  tA  the  charge— 
aad  are  thna  inaenaitive  to  ita  preciae  diatributkm  rdative 
to  the  center  tA  the  atructure.  However,  the  cumulative 
tranavoae  phaae  advance  differential  that  will  atiae  in  the 
pteaence  of  magnetic  lattice  chronutieity  if  the  bundi  haa 
aa  energy  aptead  eorrdated  with  longitudinal  pomtion  (aa 
in  BNS  damjang  [4]),  createa  aigniflcant  departurea  fr^ 
the  ‘aimple’  form  (Fig.  2c).  The  third  nunnenta  will  be 
Landau  damped,  althmigh  when  taken  about  the  beam 
centrmd  they  may  maniftat  tranaient  increaaee  aa  the  fitat 
nuanent  vector  (t.e.,  the  centnad)  dampa.  The  Fourier 
c<»nponent  r  >  «  (becoming  r  >  «c)  ia  diaractmatic  of 
thia  proceaa,  aince  the  k  comprment  nacillatea  and  hence 
dampa  at  three  timea  the  rate  frx  r  (t.e.,  three  timea  the 
/9-tron  frequency). 

At  the  SLC  we  have  recently  implemented  cm-line  anal- 
yab  of  third  momenta  unng  the  it  (19)  to  wire  acanna 
proftlea,  and  eqn.  (16).  The  uae  of  linac  orbit  bumpa  to 
caned  wakefidd  exdtati<m  (5],  [6]  can  be  both 

in  q>eed  and  efficacy  by  knoiHng  the  ‘tail’  phaae  and  am¬ 
plitude  changea  reaulting  frmn  teat  variatiema  in  the  orbit. 
Knowfedge  of  the  tail  nature  (‘aimple’  or  not?)  ia  impor- 
trmt  in  that  bumpa  that  fail  to  drive  the  tail  cloaer  toward 
Hnmplicity’  are  too  diatant  (downatream)  from  the  aouree 
to  ronove  it  fully.  Fitat  efforta  at  automating  the  tuning 
{xocedure  uaing  digitd  feedback  are  in  ptogreaa. 

We  thank  Chria  Adolphaen,  Tom  Himd,  and  Jdm  Seeman 
tea  uaefril  diacuaaiona  throughout  the  courae  of  thia  work. 


1.  There  are  ao  wakefidd  or  chromatidtjr  eliecU  in  the 
beamfiae  ooaaideted  here,  aa  ia  aaaaOy  true  to  a  good 
appnadmatioa  in  a  high  energy  liaac  if  it  ia  aaffideatly 
abort. 

7*  ?  *  i  [((*>1),  +  Oi  teixeaenta  a 

traaaverae  phaae  apace  average,  t.e.,  (a) ,  aad  (a‘)j^ 
are  the  kmgitndiaal  ‘alice’  centroida,  aad  ( ),.  the  lo^ 
tadinal  beam  average. 

3.  The  emittaaoe  due  to  wakefidda,  or  emittance  if  the 
emittaaoe  in  the  abaenoe  of  wakefidda  ia  lero,  c  = 

[(wi),  {W)l\  -  (Wi  Mi)?] < «-.  U 1,^ 

eral  the  net  prmnpt  emittance  e  s  y/e^  +  2eoe  +  e*, 
and  e  -*e  under  the  influence  of  fllamentatim. 

4.  V.  Balaldn,  A.  Novokhatakii,  aad  V.  Smirnov,  Proc. 
JatL  Cold.  Sigh  Energy  AcceL,  Fermilab,  1982. 

6.  A.  Chao,  B.  Riditer,  aad  C.  Yao,  Nuef.  hut.  Moth. 
178(1980)1. 

8.  J.  T.  Seeman,  F.-J.  Dedwr,  aad  I.  Hau,  Proc.  Inti.  Conf. 
Higk  Energy  AcceL,  Hamburg,  1992. 
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Simulation  of  Emittance  Dilution  in  Electron  Storage  Ring 
from  Compton  Backscattering* 


L.  N.  Bhindmg  and  E.  Bhim 

Natioaal  Syaduotroa  Ltfht  Source,  Brooiduivea  Natioaal  Laboratoiy 
Upton.  New  York  11973 


Mutraa 

A  MooteCufa)  noailittiaii  of  Comptoo  beckaeattered 
X|,~  3.2*^  (El*  .38494  eV)  photona  from  aa  IR-FEL  oo  75- 
MeV  etoetrona  in  a  storafe  ring  yidda  an  RMS  dectron 
CDHiy  9i«ad  of  A|»11.9-keV  for  a  aample  of  10^  singte 
acattering  eventa.  Electrona  are  aafflfded  frmn  a  beam  of 
natnid  energy  qneod  eg  <■  S.6-lceV  and  danqied  tranaverae 
an|^  apreada  e,.  <-  .041-nBad  and  9^  «  .0S2-nirad  (100%) 
coupling),  acaled  fiom  the  200>MeV  BNL  XLS  compact 
atonge  ring.  The  OMnpton-acattefed  X-Raya  are  genmated 
from  an  int^pd  of  the  CM  Kldn>Nufa^  croaa-aectioo 
tnawformed  to  the  lab.  A  tracking  cdculation  haa  alao  been 
performed  in  (-thmenaiood  phaae  qiace.  Initid  dectron 
coordinateaare  adected  randoidy  fiomaGauaaiaa  diatribution 
of  RMS  qweada  eM*.102-mm,  e,.,s.041*mrad,  ey,*.018> 
mm,  Oy.,— .0S2*mtad,  e^»22-mfad  and  e^»6*keV.  A 
aaa|rie  of  10000  dectrona  were  each  Rdlowing  for  40000 
tuna  around  die  ring  diroagh  an  RF  cavity  of  f,,«>211.S4‘ 
MHz  and  pedc  vdtage  V,.B3004ceV.  PreUmimury  reaulta 
indicate  dut  die  reaultipg  enngy  distribution  is  quite  broad 
widi  an  RMS  widdi  of  Ag  =  124-keV.  The  transverse  widths 
are  only  sli^ttly  increased  firom  dieir  <»igind  vduea,  i.e.  A, 
=  .lO^mm  and  A,.=.043  mrad.  The  scded  omgy  qmad 
of  Ag~3604»V  for  ~  350,000  turns  desired  in  a  lO-maec  X- 
Ray  angiogrqihy  exposure  is  weO  within  the  RF  bucket  used 
here;  even  V.<S0-kV  is  adequate.  Further,  the  dectrra 
energy  spread  adds  a  negligible  RMS  X-Ray  energy  spread  of 
Agx».32-keV.  The  electron  energy  daaqping  time  of  rg» 379- 
maec  at  7S-MeV  in  an  XLS-type  ring  allows  for  danqiing  this 
induced  spread  and  trqi-off  of  the  ring  between  heart  cycles. 

1.  INTRCMDUCnON 

The  i»oductioo  of  X-Rays  by  Ccmqiton  badacattering  of 
laser  photons  by  dectrim  beams  has  been  considered  recendy 
by  several  labmdories.  At  BNL  we  have  numericaUy  studied 
acdtering  of  an  infnied  [dioton  beam  produced  by  a  Free 
Electron  Laser  (IRFEL)  from  an  dectron  beam  in  a  low 
ennrgy  (75-570  MeV)  Ston^  Ring  [1-3].  Sprangle,  et  d.  at 
NRL  have  proposed  a  configuration  bmed  on  a  l-pm  terawatt 
Nd:YAO  laser  beam  acattming  from  low  energy  (—40  MeV) 
dectrona  from  a  rqiM-^ling  betatron  [4].  An  nqiertment 
using  anOtiier  qippoach,  an  dectron-linac-driven  IRFEL 
fdioton  beam  scattered  from  a  linac  dectron  beam  is  un^rway 
at  Vanderbilt  [5].  The  Conqrtcm  backscattering  studies  at 


*Woik  performed  under  foe  auqiices  of  the  U.S.  Dqiartment 
of  foiergy,  undm'  contract  DE-AC02-76CH00016. 


BNL  have  been  directed  spedfically  at  the  medkd  problem 
posed  Iqr  trana  venous  digital  subtraction  coronary  ugiograpliy 
at  the  Iodine  K-edge  (Ek»33.17-keV).  This  proUem  has 
hmetofore  been  pursued  expwimentaUy  using  high  field 
wiggler  radiation  from  high  wetgy  electron  storage  rings  by 
the  Stanford-BNL  gtoiq>  [6,7]  and  die  DESY  groiqi  [8]  and 
there  have  been  proposals  a  somewhat  lower  (—1.3  GeV) 
storage  ring  using  a  siqierconducting  8-T  wiggler  [9]  or  a 
IHilsed  —  15Twiggler  [10].  Previous  BNL  studies  of  Cmnpton 
badcscattering  sources  [2,3]  have  considered  an  in-ring 
however,  it  is  clear  fm  die  intenrities  needed  in  angk^npby 
that  die  rerpiiied  FEL  power  exceeds  die  Renieri  limit  [11] 
and  gives  an  electron  energy  qnead  too  large  for  the  FEL  to 
operate.  Renieri's  estimate  has  been  confirmed  in  numerical 
simulations  by  Luccio  and  Pdlegrini  [12].  hi  die  present 
study  we  consider  Blum’s  proposal  [1]  of  an  «ternal,  Linac- 
drivan  IRFEL  in  an  optical  resonator  configuration  ccdliding 
with  a  storage  ring  beam  at  the  low-beta  interaction  region  of 
die  ring  strai^  section.  The  modd  for  die  ting  is  foe 
conqwct,  8.5-m  circumference,  200-MeV  XLS  ring  operated 
at  BNL  wifo  peak  ctirrents  in  excess  of  lA  [13].  The  ring 
parameters  u^  here  are  acaled  down  to  75-MeV.  The 
calculations  wme  performed  in  two  parta,  (1)  calculations  of 
the  angle  and  energy  distributions  rmulting  from  a  sanqile  of 
10^  randomly  sdected  single  scattering  events,  and  (2)  a  full 
6-diiiiensional  tracking  calculation  of  10000  randomly  adected 
initial  electron  coordinates,  wifo  each  dectron  followed  for 
40000  turns  around  die  ring.  The  collision  probdiility  on  eadi 
encounter  of  the  dectron  wifo  the  photon  bunch  is  ctmqwted 
frtHn  die  totd  (Thomson)  cross  section  e,  and  die  numto  of 
pbotims  per  bunch  NL.  For  die  present  calculation  thme  ate 
an  average  of  87  cdlisions  per  dectron. 

2.  FORMULATION 

Initid  dectron  jfoase  qMce  coordiitttes  are  conqwted  using 
a  random  Gaussian  generator  [14]  and  inpitt  vdues  of  die 
RMS  widdis  of  the  danqied  distributions,  o^,  Uy,, 

9^  and  Obo  of  the  XLS  storage  ring  [13],  scaled  down  to  75- 
MeV  fbr  tte  present  application.  The  scattming  angle  0  of 
die  X-Ray  relative  to  the  electron  direction  is  dien  obtained  by 
random  selection  from  a  table  of  die  normalized  integrated 
Conqrton  differentid  cross  section  vs.  polar  angle  9  [15], 

• 

oj^e)-2ii  / (do/<fQ)^(e)Siiiede/o,  (D 

o 

wbne  ff,  is  the  totd  cross  section  from  die  integrd  of  Eq.  1 
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fnm  O  to  V.  For  die  energies  coosidefed  heie  a,  «  665  ad). 
The  eifMeesioiis  for  (da/dO).  and  the  Jacobian  transformation 
J(8)  ftom  die  electron  rest  frame  to  the  lab  w«e  taken  from 
Sandwfi,  et  al.  [16].  The  energy  of  the  X-Ray  is  then 
evaluated  as 

/(l*4r£t  /me^*Y^  (2) 

ud  the  reoml  election  energy  is  then  A  random 

aaiiBiriial  angle  4  is  then  generated  in  the  interval  0:^^  js;2r. 
New  momentum  coordinates  of  the  recoil  electron  are  then 
obtained  in  die  transverse  (X-Y)  and  longitudinal  (z)  direction 
ud  new  angle  prcyecticms  of  the  electron  are  confuted  as 
x'  y'  *Py/Ps-  It  is  not  necessary  to  modify  the  position 

coordinates  x,y  since  we  assume  (unlike  the  XLS)  diet  die 
intaacdon  point  is  at  the  centor  of  a  diqiersionless  straight 
section  with  If  The  electron  is  dien  transported  arcMind 

the  ring  by  the  one-turn  tranqxnt  matrix  M,  to  obtain  new 
transvwse  coordiiuUes  x,x',y,y' 

J  coalicv  2*v  \  (3) 

•“^-(*hi2irvVP,  cos  2*vj 

and  then  passes  through  an  RF  cavity  prior  to  re-entering  the 
interacdon  r^on.  The  electron  phase  angle  reladve  to  the  RF 
phase  is  also  modified  by  the  one-turn  phase  advance 

A^-2saA(£-£^£,  (4) 

where  a  =>=  (AC/CJ/(Ap/pJ  is  the  momentum  compacdcm 
factor  and  h  is  die  harmonic  number.  We  take  a=.32  and 
h»6  from  the  XLS  [13].  The  RF  cavity  energy  increment 
E,=>eV_  sin  ^  also  changes  the  longitudiiud  momentum 
conqwneat  p,;  we  therefore  modify  the  angles  x'  and  y'  after 
passage  through  the  cavity.  Finally,  when  the  electron  re¬ 
enters  die  iideracdon  region,  the  probability  of  anoth» 
collision  with  a  photon  of  the  laser  bunch  is  evaluated  as 

udiere  N|.  is  die  nundier  of  laser  photons  per  bunch  and  A^  is 
the  eflecdve  overii^  area  of  the  electron  and  photon  bunches. 
H«e  we  assume  equal  transverse  size  of  the  bunches  and  A^ 


3.  RESULTS 

For  the  single  scattering  case  we  show  the  resulting  x' 
electron  angle  distribution  in  Fig.  1  for  10^  scattering  events 
and  the  coneqponding  electron  mergy  distribution  in  Fig.  2. 
The  resulting  RMS  width  of  die  x'  distributirm,  Ax'ac.041- 
mrad,  is  unchanged  from  die  irqmt  widdi  o,.  within  the 
accwacy  of  this  calcuhtion.  The  resulting  electron  energy 
distribidion  is  deceased  by  6E»  16.7-keV,  as  mrpected  since 
diis  calculation  has  no  mechanism  for  restoring  the  electrm 
energy  lost  in  die  dectron-photon  coUisicms.  The  resulting 


RMS  wicUh  of  the  elections  is  Ae’^IL^-heV,  a  modest 
increase  from  the  initial  RMS  qiread  of  0B»5.6-keV.  The 
double  peak  exhibited  in  Fig.  2  is  not  understood. 

The  realistic  estimate  of  beam  emittance  dilution  requires 
a  multitum  calculation  in  udiich  the  six-dimensional  phase 
volume  (x,  x'.  y,  y',  E)  is  tracked  for  die  desired  -10 
msec  du^on  of  die  X-Ray  pulse.  For  the  4*3S.2S7-MHZ 
rotation  frequency  of  the  ring  model  used  here  diis  is  352,570 
turns.  The  collisioo  probabilify  pm  turn  from  Eq.  5  uaiiig 
N|,>b3.24  10**  (diotons/bunch  (0.2-J/buncfa)  previoudy 
estinwited  [3]  to  obtain  die  required  X-Ray  flux  for  coronary 
angiognqdiy.  is  P,-2.0757  10*^.  Thus,  each  electron  will 
suffer  about  N,s732  collisions  on  average.  Since  die  energy 
of  this  ring  is  relatively  low  there  is  insignificant  radiation 
damfung  during  die  10  msec  qiill,  and  we  have  indeed  not 
included  synchrotron  radiation  loss  in  the  calculatiao.  The 
]»diminary  results  quoted  here  are  only  fw  40000  turns  due 
to  conqwter  time  limitations  but  we  fed  that  die  RMS  qneads 

can  be  scaled  by  .  The  results  for  the  ^  and  E 

distrilnitions  from  a  10000  electnm  sanqile  are  shown  in  Fig. 
3  and  4  and  yidd RMS  qireads  Ad=.1155  rad  and  Abs.124- 
MeV.  The  E  distribution  is  surprisingly  uniform  perhqis  due 
to  the  limited  statistical  sample. 
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IVansversf  Effects  of 

Longitudinal  Wakefields  at  High  Dispersion 

nr«QS*Joae{  Decker 

SUmfwd  Linear  AeeeienUor  Center^  Stanford,  Caiifomia  94309 


Abstract 

la  eMtsr  Haeat  oolUdeni  the  ttanevefee  beue  emit* 
taaoe  hae  to  be  pieaerved  ia  <»det  to  adiioae  ■aall  iater- 
aetioD  efo*».  Bean  with  tnyectofy  cAeta  ia  cavi^  «k- 
^  traaavaiae  wakafidda  whidi  ki^  the  tail  of  the  beam 
.  kadiBg  to  aa  aadeebed  emittaaoe  gnwth.  Hera  we  will 
eoaeoittate  oa  the  longitiuiiaal  wakafidd  eteatiag  aa  en- 
eifjr  deviatioB  ikBw  within  the  beam.  At  high  diqMsaion 
q  the  beam  wiH  be  i|uead  out  coneapoadiBg  to  ita  iai> 
^  (aad/or  eondated)  energy  q»ead  AE^  (or  AErf)  and 
la  theredoae  very  aaaattive  to  energy  duumgea.  The  enogy 
variatioB  ABw  will  canae  a  traamiae  emittance  blow  up 
in  the  high  diapetakm  tegkma.  The  effisct  can  be  eatimded 
by  comparing  the  betate<»  aiae  Og  =  with  diqilace- 
ment  Am  at  tfABw/E.  Some  Ideka  and  diqplaeemeota  anil 
eompeaaate  eadi  other  along  the  beam  line.  SKmulatioa 
teauHa  are  preeanted  ahowing  how  much  ia  redly  compen- 
aated  and  the  filial  emittaaee  ocmtributkm  of  thia  effect 
for  the  SLC  Riag-To-Iinae  traa^kort  line.  To  mining 
it,  any  vaenum  pipe  inegnlaritiea,  like  bdlowa,  diameter 
atqw,  ooUimatora,  etc.  ahonld  be  amoothed  <»  avoided  at 
higher  diq>anrion  ateaa. 


1  Introductioii 

At  the  SLC,  the  10mm  long  bnnch  of  the  damping  ring 
(DR)  ia  ccHnpreaaed  in  the  STL  aecrion  down  to  the  nec- 
eaaary  1  mm  length  f<»  the  main  linac.  The  oompreadon 
ia  achieved  by  introducing  an  kmgitudind  energy  conda- 
tkai  with  a  compteaaor  cavity  followed  by  a  high  diaper^ 
aive  region  (q),  where  partidea  of  cUfferent  energy  travd 
along  diffnent  traiectmua.  Partidea  at  ±o'i  (bunch  length 
oi  w  10mm)  get  aa  energy  difference  of  AE/E  s  ±1.4% 
and  Uierefore  at  i|  =  1.0m  A*  a  ±14mm  is  about  100 
times  bigger  than  the  betateon  aiae. 

AE 

AtatT)--^  and  AE^Erfiau{2irei/X),  (1) 

with  aa  energy  E  at  1200MeV,  rf-amplitude  of  Erf  = 
30MeV  and  X  s  105mm.  Additionally  to  the  intended 

*WBifc  miipactad  by  the  Depertmeot  of  fotergy  contrect  DE- 

Aoa8>7nsFaon8. 


path  length  difference,  the  off  aoda  paitidaa  alao  expwti- 
ence  any  nonlinear  kicks  coming  from  traneverae  wakefidda 
or  hii^ier  ordn  magnetic  fidda  caunng  aa  emittaaee  blow 
up  [IJ. 

Besides  these  traaaverse  kicks  which  are  moat  severe  at 
hi^  beta  points,  there  is  a  medianiam  with  longitudind 
wdnfidda  creating  aa  effective  beam  oAwt  which  is  worse 
Ux  low  beta  points  (‘^ongitudinidty”).  The  indirect  effect 
over  severd  phase  space  axes  aad  the  eompancm  witii  the 
transverse  effect  are  given  at  the  example  ct  the  RTL. 

2  Direct  and  Indirect  Phase 
Space  Correlation 

Wakefidds  introduces  normally  a  direct  curved  condation 
between  the  kmptudind  axis  x  aad  the  energy  by  the 
longitudind  wakefidd,  m  x  aad  the  transverse  poaitioa  x 
or  p  by  the  transverse  wakefidd.  llMae  first  order  linear 
(e.g.  linear  in  c)  exdtationa  ate  the  most  eommon  source  of 
emittance  blow  up  fiw  instance  in  the  linac.  A  condation 
to  another  phase  space  axis  (say  r,  B  e.g.  by  BNS  phaa* 
mg)  starts  a  filamentation  (ff  x,  s'  whidi  makes  the  initid 
emittance  blow-up  praetieally  unrecoverable.  Indirect  ef¬ 
fects  need  more  than  mie  ewrdation  for  instance  ,  x  at 
high  dispersion  plus  r,  E  frMn  the  lonptudind  wakrfidd. 

2.1  Sensitivity  to  Direct  Effects 

Direct  effects  in  the  transverse  are  most  sendtive  to  big  off¬ 
sets  e.g.  at  high  disperakHi  ot  wrong  off-axis  steering,  and 
where  the  disturbed  phase  space  axis  (x*  or  s')  is  small 
which  is  at  high  beta  points  (BTL  lattice  and  find  focus 
ate  sensitive).  At  hi|^  dispeimmi  even  the  higher  order 
wakefidds  near  the  aperture  have  to  be  considered.  The 
lon^tudind  corrdation  between  r,  £  is  f^ven  by  the  in¬ 
duced  wakefidd  and  energy  gain  and  therefore  a  constant 
over  the  Bccd«ation  if  no  other  condation  (like  BNS)  are 
involved.  It  is  not  ea^  poedble  to  caned  the  corrdation  by 
the  same  technique  dnee  there  is  no  longitudind  focussing. 

2.2  Indirect  Effects 

Indirect  corrdations  are  in  some  way  diffnent  and  thdr  ef¬ 
fect  ought  not  be  as  obvious  as  in  the  direct  case  where  big 
ofbets  aad  sendtive  areas  are  the  reasons.  Let’s  take  the 
RTL  as  an  example  andh  a  beam  arith  no  mngy  spread 
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(coBBpfBtwr  cavity  off).  Urn  b«un  emittwee  ii  expected 
to  be  unebanfod  at  the  end.  TIm  high  diq>«tak«  area  en- 
laifw  the  beam  not  very  much  and  it  stayc  on  aue  away 
tmm  noik-linear  fields.  The  longitudinal  phase  space  aeema 
to  be  decoupkd.  But  <»i  the  other  hand,  the  longitudi¬ 
nal  wakeMds  introduce  an  energy  spread  x,  E  creating 
an  <dbet  at  high  diq>ersi<»i  E,  x,  which  will  blow-up  the 
WDoittancel  (Thnefote  the  name  "lonptudinici^  to  keep 
indirect  effects  in  mind). 

Other  indirect  effects  might  be  some  coupling  type  cor- 
relatimi  between  e.g.  x,  y,  where  a  wide  x  ditribution  pro¬ 
duces  different  kicks  over  z,  y  Wakefields,  which  is  even 
more  severe  for  fiat  beam  emittance  ratios.  This  has  not 
been  studied  further. 

m»  0  kA/pC*  6.0522E-01 


cl/<r, 

m=  1 


Figure  1:  Wakefield  Calculation. 

The  calculated  longitudinal  W,  and  transverse  Wg  wake 
potentials  for  the  lowest  transverse  order  and  a  =  2  mm  is 
shown. 


3  Sources  of  Wakefields 

First  (ff  all  there  is  no  reason  to  put  unsleeved  bdlows  at  a 
high  di^>ersion  r^pon.  Evoi  pump-outs,  profile  mwiitors, 
BPMs  and  other  beam  pipe  transitions  can  be  designed 
in  a  way  to  aveud  any  ngnificant  wakefhdd  generatini  [3!]. 
The  only  problem  might  be  collimators  whidt  need  to  be 
close  to  the  beam  to  fulfill  their  duty.  The  finals  remaining 
parts  should  be  the  smallw  resistive-wall  wakefidds. 

But  since  the  RTL  was  not  ^signed  with  this  in  mind, 
we  have  30  bdlows  in  the  high  diq>ersion  tegkm  of  the 
north  RTL  and  25  in  the  south.  The  mostly  used  bellows 
have  a  diameter  of  2a  =  49  mm  with  20  cemvolutions  eadi 
6mm  high  and  2.5mm  wide  which  gives  an  ovaall  length 
of  3  m  active  bellows.  Fig.  1  diows  dmulation  results  with 
TBCI  [3]  for  1/5  of  a  bellow  with  a  2mm  (a)  long  bunch. 
The  rmults  of  these  and  higher  ord«  wakefid<b  are  dis¬ 
cussed  and  summarised  in  the  next  secti<m. 

4  Quantitative  Kicks  and  Offsets 

4.1  Single  and  Combined  Excitations 

The  sises  and  effects  are  summarised  in  Thb.  1.  The  trans¬ 
verse  and  longitudinal  wakefidds  are  taken  at  about  (me  Oj 
(transverse)  or  at  their  maximum  (lon^tudinal)  and  mul¬ 
tiplied  by  8  nC  (5  •  10^**  particles).  The  higher  (wder  wake- 
ftdds  ate  scaled  to  an  offset  of  a  two  and  one  =  10  mm 
partide  at  about  tj  a  0.9m  (21  mm  and  12  mm).  Since  two 
betatron  oscillations  share  30  bellows,  the  effect  of  5  ate 
combined.  Their  kicks  or  offimts  ate  calculated  and  com¬ 
pared  with  high  and  low  beta  function  values.  As  leferaice 
also  the  size  due  to  dispersion  is  shown. 


Comparison  of  Transverse  and  Longitudinal  Wakefidds  | 

Transverse 

Ordw  m 

12  3 

0  12  3 

W*8nC  (kV] 
at  r  a  0.85o  [kV] 
at  r  a  a/2  [kV] 

5  bellows  p(V] 

1.5  3.0  4.5 

12  24  36 

10  15  16 

6  3  1 

30  15  5 

4^88 
32  64  64  64 
32  46  33  24 
32  16  4  1 

160  80  20  5 

pal.2GeV/c 
*'  =  Pi/p  [prad] 

>7  a  Im 

X  a  f;AE/E[pm] 

2S> 

m 

ye  a  16/im-/trad 
X,  x'at  P  a  50m 
X,  x'  at  a  1  m 

12prad 

83prad 

580pm 

S^pm 

X  a  i}A^/E[mm] 

14 

Table  1:  Summary  of  Bellow  Wakefield  Effects. 

TVunsverse  Wakefields  induce  a  kick,  while  longitudinal 
Wakefields  cause  indirectly  an  offset.  Both  have  different 
senitivities  at  different  beta  Junctions. 
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4.3  CaBcelation 


5  Conclusion 


Tike  oAeto  and  kieke  an  about  141  to  3  timea  bigger  tbu 
or  at  the  coneq>ondiiig  eeaaitive  beta  ftmctioiie. 
Shkce  aome  of  the  kkke  cancel  out  (eee  Fig.  3),  the  onit- 
tanee  bker-up  might  be  not  too  bad,  but  to  iday  on  a 
cancellation  of  Ug  numbere  ia  alwaya  a  ride.  The  obeerved 
emittance  bloir>up  with  3  •  lO**’  particlee  waa  about  fiK»n 
7e  ss  1.6*10*'*m-rad  to  1.8'10~*ni-rad  in  1993  with  round 
beama. 


The  tranaverae  wakefidda  of  a  beam  at  high  diaperakm  lead 
to  diaperaive  abberationa  of  higher  ordm,  which  can  be 
mainly  compoiaated  by  magnetic  demmite,  like  for  higher 
cuder  magnetic  errora.  The  longitudinal  wakefidd  haa  a 
amall  dfect  on  the  compreanmi  proceaa,  but  haa  an  indirect 
effect  on  the  tranavme  beam  aiae.  Tliia  chromatic  like 
effect  (“longitudinicity”)  ahould  be  avoided  by  reducing 
the  amount  of  gomated  wakefidda,  e.g.  with  aleevea  in 
the  bdlowa. 
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Figure  2:  Summarised  Kicks  and  CMbets. 

There  are  SO  hellowa  in  the  aoHk  RTL  which  eauae  differ¬ 
ent  kicka  or  offaeta  of  a  part  of  the  beam.  Here  the  reanH 
of  each  bellow  ia  ahown  aa  a  poaition  x  and  angle  xp  vari¬ 
ation  at  the  eatrsnee  to  the  linae  where  tr^  =  160  pm  and 
=  dh/trad.  The  tranaverae  and  longitudinal  effect  are 
aindied  aeperatelg  since  theg  inflnence  different  parta  of  the 
bnneh.  The  different  curves  are  ike  effecta  of  higher  ordera 
m  at  an  offaet  which  eorreaponda  to  an  energg  offaei  of  a 
particle  at  ai.  At  the  end  (SO)  there  are  the  anma  for  each 
order  indicated  bg  dota. 
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4.3  Less  and  More  Sensitivity  in  1993/94 

With  fiat  beams  in  1993  we  expected  an  emittance  of  about 
3.2  ■  10~”m-rad  and  achieved  it  also  at  the  end  of  the  RTL 
measured  in  the  linac.  The  bigger  emittance  in  « is  less  sen¬ 
sitive  to  emittance  blow-ups  either  from  wakefidds  or  non¬ 
linear  magnetic  fidds.  In  the  1994  run  we  will  probably  run 
with  higher  currents  due  to  a  new  damping  ring  vacuum 
■  diamber  against  microwave  instability  oedllations  [4],  and 
we  might  reduce  the  horisontal  emittance  by  creating  com¬ 
bined  functions  in  magnets  [5].  This  will  make  a  sleeving 
of  the  RTL  bellows  even  more  urgent  than  now. 
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AMrtet 

Thu  paper  summarises  error  and  tolerance  studies 
for  the  SSC  Linac.  These  studies  also  include  higher- 
order  multipoles.  The  codes  used  in  these  simulations 
are  PARMTEQ,  PARMILA,  CCLDYN,  PARTRACE,  and 
CCLTRACE. 

I.  Introduction 

The  SSC  Linac  [1]  will  deliver  a  600  MeV  H~  beam  with 
pulse  lengths  of  2  to  35  fuec  at  a  nominal  current  of  21 
mA  for  injection  into  the  low  energy  booster  (LEB)  with 
transverse  normalised  mu  emittance  of  <  0.3t  mm-mrad. 
Emittance  from  the  magnetron  ion-source  is  about  0.18  s 
mm-mrad  for  30  mA  and  the  requirement  at  the  end  of 
the  CCL  is  25  mA  with  an  emittance  of  <  0.3wmm-mrad. 
This  means  that  emittance  growth  budget  for  the  entire 
linac  is  only  about  67%  !  The  purpose  of  this  work  was 
to  find  out  the  tolerance  limits  to  meet  the  challenge  of 
ptes^ving  emittance  through  the  linac. 

The  errors  were  divided  into  the  three  groups.  Beam 
related  errors  e.g.  displacements  of  beam  with  respect 
to  accelerator  axis  at  ixyection  into  the  accelerator,  mis¬ 
matched  beam  in  phase  space,  energy  shift,  energy  spread 
etc.  falls  into  the  first  group.  Since  steering  is  provided  in . 
each  degree  ot  freedom  before  each  type  accelerator,  this 
group  oS  errors  will  not  be  presented  here  except  the  ra¬ 
dio  frequency  quadripole  (BLFQ).  The  second  group  of  er¬ 
rors  include  time  independent  errors.  This  group  of  errors 
includes  manufacturing  errors  e.g.  errors  in  tank  length, 
cell-length,  coupling-slot-length,  quad  gradient,  higher  or¬ 
der  components  in  the  quad  fields,  tuning  errors  e.g.  field- 
flatness,  field-amplitude,  field-phase,  and  alignment  errors 
e.g.  tank  diqilacements,  quad  displacements,  quad  tilt  and 
yaw,  quad  rotation  etc.  The  third  group  of  errors  consists 
of  time  dependent  errors  e.g.  amplitude  and  pha^  errors 
from  rf  source  including  feed  back,  mechanical  vihrational 
errors  etc.  This  group  of  errors  is  responsible  for  the  jit¬ 
ter  in  the  beam.  The  tolerance  limits  presented  for  these 
errors  are  not  the  limits  on  rms  errors  but  the  tolerance 
limits  which  are  uniformly  distributed  between  the  limits. 

II.  Low  Energy  Beam  Transport  (LEBT) 

The  low  energy  beam  transport  (LEBT)  works  like  the 
matching  section  for  the  Radio-Fluency  Quadrupole 

'Operated  by  the  Univertitiet  Reeearch  AMOciation,  Inc.  for 
the  U.S.  Deparunent  of  Energy,  under  contract  No.  DE-AC02- 
89ER40486 


Figure  1:  RFQ  TVanwnieeien  ve  Voltage  nonnalbed  to  deaign  voltage, 
•olid  line:  HESQ,  dotted  line:  eaisd  km. 

(RFQ),  therefore  the  first  and  second  groups  of  errors  are 
not  considered.  Only  time  dependent  errors  were  consid¬ 
ered,  to  find  the  voltage  tolerance  on  the  einsel  lens  and 
helical  electrostatic  quadrupole  (HESQ).  First  using  AX- 
CEL  [2]  and  HESQT,  optimum  voltages  were  determined; 
then  voltages  on  eiosel  lens  and  HFSQ  were  varied  by  ± 
5%  and  the  transmission  through  the  ^Q  was  calculated 
using  PARMTEQ.  Figure  1  shows  the  curve  for  transmis¬ 
sion  vs  voltage  ncnrmaiized  to  design  voltage.  The  tolertmce 
limit  on  the  voltage  was  set  to  0.3%. 

III.  Radio  Frequency  Quadrupole  (RFQ) 

Since  the  RFQ  bore  radius  is  small  and  there  are  not 
enough  steering  elements  in  the  LEBT,  the  first  group 
of  errors  which  includes  misalignment  in  the  ipjection  of 
the  beam,  nusmatched  beam  in  the  phase  space,  beam 
energy  fluctuations  and  energy  spread  from  the  ion  source 
were  considered  [3].  PARMTEQ  was  revised  to  include  the 
higher  order  multipole  expansion  for  the  vane  tip  field  [4]. 
Figure  2a  shows  the  transmission  vs  x  displacement  of  the 
beam  and  figure  2b  shows  the  truismission  vs  beam  angle 
o5^t.  Figure  3a  shows  the  transmission  vs  the  mismatch 
factor  as  defined  in  TRACE3D.  For  each  mismatch  factor 
there  are  infinite  different  sets  of  twiss  parameters  (a,  0) 
which  lie  on  the  ellipse.  However  for  each  mismatch  factor, 
only  two  sets  of  a  and  0  lie  at  the  two  vertices  of  the  ellipse. 
In  figure  3a,  the  upper  curve  corresponds  to  the  choice  of  a 
and  0  such  that  the  initiid  beam  radius  is  smaller  than  the 
matched  radius  while  the  lower  curve  corresponds  to  the 
initial  beam  radius  bigger  than  the  matched  beam.  Fig¬ 
ure  3b  shows  the  transmission  vs  the  energy  shift  from  35 
keV  in  the  injected  beam.  The  time  dependent  errors  were 
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FlguN  a:  (»)  ’&«miniwi»>n  «  in  x  (mm),  (b) 

liruMmimkm  v«  Bnun  An^  in  x  (mrad) 


ItanoMi  factor  Eh^tf  0«V) 


Fifun  3:  (n)  TVcnimiMinn  v«  tbs  mitmalA  Caetor.  Upper  cnrve,  the 
mtiiMir  rtneHirrthin  ’nmi*~hrH  *rTrT~  Lower 
curve,  the  initial  micmatcfaed  beam  tadhH  k  bigger  than  matdied 
beam,  (b)  Tyanemkefam  ve  energy  egift  from  3S  IhV 

amplitude  (vane  voltage)  and  phase  of  accelerating  field. 
Their  tolerance  limits  are  0.5%  and  0.5  deg  respectively. 

rv.  Drift  Tube  Linac  (DTL) 

In  the  case  of  the  DTL,  the  second  group  of  errors  includes 
time  independent  errors  e.g.  tank  displacement,  cell-to-cell 
phase  and  field  errors,  accelerating  field  tilt,  quad  displace- 
rneats,  quad  tilt  and  yaw,  quad  gradient  errors,  quad  ro¬ 
tation  and  higher-order  multipoles.  The  third  group  of 
errors  includes  time  dependent  errors  e.g.  field  amplitude 
and  phase  errrm  from  the  klystrons.  Since  the  drift  tubes 
are  mounted  on  stem  they  may  vibrate.  The  time  depen¬ 
dent  and  time  independent  error  tolerances  are  listed  in 
T^le  1.  Figure  5  shows  the  probability  distribution  of  the 
emittance  growth  for  the  errors  listed  in  Table  1.  This 
curve  was  obtained  by  using  PARTRACE  [5].  The  most 
amative  oror  for  emittance  growth  is  quad  rotation;  the 
tolerance  limit  on  this  error  is  0.5  deg.  The  toleruice  lim¬ 
its  on  the  multipoles  were  obtained  using  PARMILA.  An 
upper  bound  was  assigned  to  the  amplitude  of  the  n  =  3, 
4  and  5  components  and  values  are  chosen  at  random  be¬ 
tween  sero  and  this  tolerance  limit  for  each  multipole  The 
phase  of  each  of  these  multipole  components  was  chosen 
at  random.  The  n=  6  component  was  assumed  to  be  sys¬ 
tematic,  and  its  amplitude  was  set  at  the  tolerance  limit 
and  phase  angle  to  sero.  For  this  study  to  be  realistic, 
alignment  errors  as  well  as  multipoles  were  included.  The 


Error 

Tol.  Limit 

1  Time  Independent 

Tank  disp 

±0.25  mm 

(^ad  duv 

±0.1  mm 

Quad  Pitd  and  Yaw 

±1.6  deg 

Quad  Roll 

±0.5  deg 

Quad  Strength 

6.-  6%  (Gratled^ 

MuUipoles,n=3,4,5,6 

1.5%  O  6  mm 

Tank  Field  Tilt 

Cell-to-Cell  Field 

±3% 

Cell-to-Cell  I^hase 

±  0.5  deg 

1  Time  Dependent 

Tank  Field 

±3% 

Tank  Phase 

±  0.5  deg 

DT  vibration  amp(rms) 

6.0  nm 

ToU*  1:  Tolcnace  Budget  for  the  SSC  OTL. 


Figure  4:  Probability  dktributioB  of  the  emittancee  (x  jr  and  x)  out 
of  the  DTL  for  errora  listed  in  Table  3.,  dotted  curves  show  the 
emittances  when  the  errors  were  twice  as  large  as  given  in  Table  2. 
Curves  show  the  probavility  that  the  emittances  will  at  or  bdow  the 
plotted  value. 
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UMcaa  when  UMCRMBwcNlarioaMlwfCM  given  in  Table  3.  Corvea 
ahow  the  pccbwriiiajr  tbaa  the  enuttaacca  viffl  at  or  bdow  the  plotted 


results  of  12  cases,  wboe  each  case  consited  of  50  runs, 
are  summarised  in  Thble  2.  The  twelve  cases  were  for  all 
combinations  oX  clocking  errors  (QR)  of  0.,  0.25,  0.5  de¬ 
grees  and  multipoie  errors  (M)  of  0.0, 1.0, 1.5,  and  2.0%  Q 
6  mm.  The  qua^pole  displacements  of  0.1  mm  and  tank 
diq>lacemait  tolerance  of  0.25  mm  were  used  in  all  cases, 
and  the  beam  was  ‘‘steered”  back  on  the  axis  after  each 
tank. 

V.  Coupled  Cavity  Linac  (CCL) 

The  second  group  of  errors  for  the  CCL  includes  time  in¬ 
dependent  errors  in  tank  displacements,  cell-length  (cell- 
to-cdl  phase)  coupling-slot-nxe  (cell-to-cell  field),  bridge- 
coupler  -slot-sise  (tank-to-tank  field),  bridge-coupler- 
length  (tank-to-tank  phase),  quad  displacement,  quad  tilt 
and  yaw,  quad  rotation,  quad-to-quad  field  gradient  and 
hi^  order  multipoles.  The  third  group  of  errors  includes 
time  dependent  errors  e.g.  amplitude  and  phase  error  from 
the  klystron  and  quad  gradient  error  due  to  the  power  sup¬ 
plies.  These  tolerance  limits  are  listed  in  Table  3.  Figure  6 
shows  the  probability  distribution  of  the  transverse  emit- 
tance  for  the  tolerance  limit  listed  in  Ihble  3.  These  cal¬ 
culations  were  done  using  CCLTRACE  [6].  In  the  case  of 
the  CCL,  higher  order  multipoles  which  are  achivable  in 


Tabte  3:  Toteraac*  Budfei  for  ibe  SSC  CCL. 

the  electromagnet  quad  are  0.056, 0.005, 0.0056, 0.00022% 
for  n=3,4,5,and  6  respectively,  at  the  radius  of  1  cm.  CCL- 
DYN  [6]  simulations  shows  these  multipoles  have  no  effect 
on  the  emittance  growth.  The  quad  and  tank  displacement 
used  in  these  simulations  are  listed  in  Table  3. 

VI.  Conclusions 

These  studies  show  that  if  we  can  achieve  specified  tol¬ 
erances,  we  can  meet  the  challenging  requirement  of  emit- 
tance  of  <  0.3  w  mm  nuad  at  600  MeV.  The  most  sensitive 
error  for  the  emittance  growth  is  quad  rotatiem. 

We  would  like  to  thank  to  Jun  Wu  for  his  help  in 
PARMTEQ  simulations. 
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Ri^le  ia  tke  power  sapphes  for  storage  ring  magnets  can 
have  adveiae  cfects  on  the  drcalatii^  beams:  orbit  distortioa 
and  mnittaafle  gioarth  firom  dipole  ripple,  taae  modalatioa  and 
dyaaadc  apertaie  redaction  from  qaadrupoie  ripple,  etc.  In  this 
pi^er,  we  stady  the  effects  cff  ripple  ia  the  horiamital  beading 
field  of  the  SSC  in  the  presence  nonlinearity,  in  particolar, 
the  growtii  ia  beam  emittaace. 

I.  INTRODUCTION 

For  simplicity,  we  arill  assame  that  dipole  ripple  is  localised, 
i.e.,  it  affects  only  one  dipole  magnet.  An  element-by-demeat 
traddag  simalatioa  nsiag  the  program  ZTRACK*  with  a  io- 
caBaed  ^pole  ripple  yields  the  resalts  shown  in  Figare  1.  In 
the  siaidatirm,  192  particles  ate  tracked,  the  ripple  has  a  fre- 
qnency  of  743.29  Hi  and  an  amiditnde  of  10  Gaass,  the  nominal 
beading  fidd  ia  6.684  x  10*  Gauss,  and  the  horisontal  betatron 
taae  is  123.7821S48.  Note  that  the  revolntion  freqamicy  at  the 
SSC  is  3441  Hs.  We  observe  from  Figare  1  that  dipole  rip¬ 
ple  caases  the  beam  emittance  to  oscillate  between  the  initial 
valae  (3.0  x  10"**  m)  and  a  mnch  larger  valne  («  2.5  x  10~^  m), 
and  that  this  oscillation  is  damped  with  emittaace  leveling  <k[ 
aroand  an  intermediate  valne  (»  l.Ox  10**’  m).  The  beam  emit- 
taaoe  here  is  defined  as  tke  emittaace  averaged  over  the  whde 
beam.  Thns  it  ^)g)ears  that  dipole  npfie  caases  tke  beam  to 
go  from  one  eqailibrinm  state  to  another  where  the  beam  has  a 
larger  endUance.  In  this  simalatioa,  we  have  chosen  the  ripide 
freqacncy  to  be  dose  to  the  betatron  freqnency  of  748.62  Hs 
(n>  3441  X  .21785)  and  a  large  ripple  amplitade  so  that  we  can 
observe  the  final  eqailibrinm  state  in  a  short  time. 

One  can  easily  imapne  the  i^ysics  possibly  at  work  here: 
dipde  rij^le  caases  the  whde  beam  to  wobUe  aroand  the  de¬ 
sign  orbit,  and  nonlinearity,  which  is  built  ia  the  fall  lattice 
and  resaltsia  betatron  taae  dependent  on  betatron  amplitade, 
then  smears  the  whole  beam  ever  a  larger  phase  iptcK  area. 
Oar  motivatkm  for  this  work  is  to  understand  this  quantita- 
tivdy.  In  particular,  we  want  to  explain  the  following  regarding 
the  beam  emittaace:  the  existence  of  an  apparent  equilibrium, 
the  amplitude  and  period  of  initial  osdllations,  the  final  equi- 
Hbriam  valae,  and  how  much  time  it  takes  to  readi  tke  final 
equBibrinm  state.  To  this  end,  we  have  constructed  a  theoret¬ 
ical  modd  asiag  a  secmid-order  perturbation  theory  and  the 
method  of  avei'a^ag.  Since  the  mmlinearity,  which  is  present 
'in  the  faQ  lattice  siinnlation  above,  was  found  to  produce  a 
quadratic  depmtdence  of  betatron  tune  on  betatron  amplitude, 
we  represent  it  in  oar  modd  Iqr  a  single  sextupde.  Our  theo- 
reticd  calculations  are  in  excdlent  agreement  vrith  results  from 


'Operated  by  the  Universities  Researdi  Association,  Inc.,  for 
the  U.S.  Dqtartmeiit  of  Energy  under  Contract  No.  DEi-AC35- 
8^1140480. 

*L.  Sfharhingvr  and  Y.  Yan,  SSCL  Report  SSCL-N-664,  Sq>tem- 
ber,  1989. 


the  simide  traddag  simulations  using  a  linear  lattice  {do*  kicks 
from  a  single  sextnpole  and  a  localised  dipole  ripple. 


Figure  1.  Variatkm  of  beam  emittaace  in  time  from  a  full  lattice 
rimnlation. 


II.  THEORETICAL  MODELS 

The  perturbed  beam  dynamics  is  described  by  the  Hamilto¬ 
nian 

=  aoix,x\$)  +  (Hx{x,$)  (1) 

where  Ho  =  \(x'^-^K(o)x^).  Here  s  is  the  path  length  dong  the 
design  (»bit,  x  the  hoiisontd  coordinate,  x' »  ixlit,  K{s)  the 
focusing  ot  defbcusiag  fanctiM,  and  c  the  smdlness  parameter 
of  the  perturbation.  For  perturbation  from  a  single  sextnpole 
and  a  localixed  dipde  rip^e,  we  have 


(Hi{x,t) 

=  i5(s).’-F(s). 

(2) 

S(s) 

—  “  ^l) 

(3) 

F(s) 

=  Ao  CmiufrT  +  ^r)M«  “  «o) 

(4) 

where  So  u  the  sextupde  strength,  6p  is  the  periodic  Dirac  ddta 
function,  Si  the  podtion  of  the  sextupde,  do  =  (Br/Hb)fio, 
Br  the  ripfde  amplitude.  Bo  the  nominal  bending  fidd,  $o  the 
nominal  bending  angle,  Wr  the  angalar  ripfde  frequency,  r  the 
time,  and  so  the  position  of  the  localised  dipde  ripple. 

To  ex|dain  initial  periodic  oedilations,  we  will  consider  only 
the  dipde  ripple  perturbation.  Using  the  independent  variaUe 
t  =  J do(y/9(o))  and  the  dependent  variaUe  q  =  xly/P(s) 
where  /9(s)  is  the  betatron  function,  and  v  the  betatron  tune, 
the  equation  of  motion  becomes 

^  =  vfi^Ao  cos(Qrt  +  fir)5p(t  -  to)  (5) 

where  Qr  =  Wr/wo,  wo  is  the  revolution  freqnency,  and  $o  the 
betatron  function  at  the  dipde  ripple.  Since  the  right-hand  side 
of  (5)  can  be  expressed  in  the  form 

^  -I- 
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m  wak  »  pwtiadw  MilvtiM  of  tke  umc  fwm.  The  particslar 
aal«tk»  we  lad  cm  be  writtea  ae 


\l\nth  iiitUI  cooditioBS  9(0)  «  Md  ((0)  s  (o.  where  {  s 
dy/dt,  the  nlation  to  (5)  ia  thea  givea  hgr 

a  =  (f»  -  iii.(o))  cot  vt  +  (Co  -  Ca(o))  «■»'<  +  aii(0-  (7) 

The  leaalta  on  beam  emittMce  calculated  anag  (7)  with  Br  s 
.322  Ganaa  and  Ur  »  (2ir)(743.29)  tad  aec~^  ate  ahown  in  Fig* 
are  2  by  a  aolid  canre,  which  agrees  wdl  with  reaalts  from  a  fall 
lattice  aimalation  indicated  by  dtclea.  The  ctoaaea  ate  lesnlts 
from  a  aimide  tracldng  simulation,  to  be  described  in  Section  III. 


Figure  2.  Variation  ot  beam  emittance  in  time.  Carve:  exact 
theory;  circles:  full  lattice  tracking;  crosses:  simple  tracking. 

To  explain  the  final  eqnilibriam  state,  we  will  consider  both 
dipole  ripple  Md  sextapcde  perturbations.  We  will  carry  oat 
the  second-order  perturbation  calcnlation  in  the  action-angle 
representation.  The  action-angle  variables  J  Md  d  ue  defined 
through  the  frdlowing  transformation 

i|=(~)^cood,  C  = («) 

The  new  HamiltoniM  for  the  action-Mgle  variaUes  is  given  by 

«(J,d.l)  (Hj^cosd.s^  .  (9) 

Here  s  is  nnderstood  to  be  a  function  of  t.  FW>m  (9)  one  obtains 
the  HamiltoniM  equations  of  motion 

j  =  d.  0.  d  =  •'  +  f9{J,  d.  <)•  (1®) 


sack  that  J  and  d  satiny  (10)  to  0(c’)  with  initial  conditions 
i(0)  s*  Jo  +  0{f*)  Md  d(®)  *=  do  +  0(r*).  It  CM  be  shown  that 
i(t)  Md  d(f)  approximate  /(t)  and  d(<)  to  m  accuracy  of  0((’) 
over  a  time  interval  of  O  (^).  Thus  the  task  of  finding  solatioas 
to  (10)  is  then  reduced  to  that  of  finding  F\,  F2,  Gi,  Gg,  Pi, 
and  Qi .  (We  don’t  need  to  find  Pi  and  Qg  if  we  are  concerned 
with  M  O(r’)  accuracy.)  Because  /  Md  y  ate  periodic  in  d  loid 
qnaai-periodic  in  t,  (two  periods  are  involved:  one  is  associated 
with  the  beam  revolution  and  the  other  associated  with  tipple) 
we  require  that  Pi,  /%,  Qt  and  Qi  are  also  periodic  ia  #  Md 
qnasi-petiodic  in  t. 

For  dipole  ripple  Md  sextnpcde  perturbations,  one  cm  write 
/  =s  -f  Md  g  =  -b  where  the  superscripts  (r) 
Md  (s)  stand  for  contributions  from  dipole  ripple  Md  sextnpole 
respectively.  A  lengthy  calculation  involving  expansion  ia  c  to 
the  second  order  Md  averaging  over  6  and  t  yields  Pi  s  0, 
G,  =  0,  Pa  *  0,  Ga  =  G<*»  =  -I-  where  () 

denotes  the  average  over  9  Md  t,  the  subscripts  I  Md  i  denote 
the  derivatives  with  respect  to  I  Md  $  respectively,  Md  Md 
(i  s  r,  s)  sati^  the  homcdogical  equations  Pf^^  ■+  = 

/'•>  Md  =  y**)  respectively.  We  refer  the  readers 

to  the  paper  by  H.  Dumas  et  al.^  for  more  information  on  oar 
averaging  procedure.  In  summary,  our  approximate  solutions 
J  Md  d  given  by 

/  =  0,  9  =  V -b  e*G4‘’(/)  (15) 

J  =  /-he(P<'>(/,9,<)-|-P<'>(/,9,t))  (16) 

d  =  9  +  e(Qi'>(I,9,t)  +  Qi'>(/,9,t))  (17) 

with  «(J,d)  =  -Pi(7,d,0).  =  -Qt(J,9,0),  and  G<*\ 

</r'  pven  by 

{“T 

-*(,  -  ,,  +  J 

- (19) 

cpg  -  y)  -  ^)  ^  cos  (3v([tl]  -  t)  -  39) 
sin(xi')  810(3x19) 


Q‘*>(/,9, t)  =  -  (^)  *  (20) 

f  8in(y([«i]-x)-9)  sin  (3i>([t’i]  -  x)  -  39)  1 
^  I  sin(xi9)  sin(3xi9)  j 


To  find  ^q;>roximate  stdutions  of  (10)  with  initial  conditions 
J(0)  =  Jo  and  d(®)  =  do,  we  look  for  a  special  antonomons 


qrstcm  given  by 

/  =  ePi(/)-br*Pa(/)  (11) 

9  =  .9  +  eGi(/)-bf*Ga(/)  (12) 

with  initial  conditions  7(0)  ss  7o  +  e«(7o,do)>  9(0)  =  do  -b 
ee(/o,do)i  Md  a  near  identity  transformation 

J  *  I  +  €Pi{I,9,t)  +  €^Pi(I,0,t)  (13) 

d  *  9  +  tQi(I,0,t)  +  €^Qi{I,B,t)  (14) 


fi'\l,9,t)=(^)^  ih^Ao 

f  cos  ((19  -  (?,)([ti]  -  x)  -  (9  -  Qrt  -  9r)) 
sin  x(»9  -  Qr) 

cos  ((|9  -b  Qp)([lo]  -  x)  -  (9  -b  Qrt  -b  9r))  'I 

+  +  f  (21) 


^H.S.  Dumas,  J.A.  BUison  and  A.W.  S4nes,  AonoU  of  Pkgtie* 
309,  07  (1991). 
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f  «i«  ((»  -  Qr)([«o]  -»)-(#-  Qrt  -  gr)^ 

untrlv-Qr) 

«>■((«>  +  Qr)([<il  ->)-(»  +  Qri  -<•  »,)) 

sin  ir(y  +  Qr) 

wkeie  tH*)  »  r'(x)/r(c),  )9i  is  the  beiatroB  function  nt  the 
■extupole,  tgst  —  toi  ^  st  —  ti,  and  [  ]  denotes  the  modnlua 
between  0  and  2ir.  Out  perturbation  calculations  indicate  that, 
up  to  the  second  order,  dipole  ripple  contributes  only  in  the 
Bear-i<kBtity  transformations  (16)  and  (17).  The  vector  Add, 
(15),  is  still  givai  by  sextnpde  perturbation. 

Figure  3  shows  the  phase  space  distribution  of  a  beam  after 
50000  turns  calculated  using  (15)-(22).  The  beauu  consists  of 
500  particles  and  is  initially  uniformly  distributed  in  the  ranges 
of  0.1  <  s  <  0.3  mm  and  —2.4  <  s'  <  —2.0  /trad.  In  this  calcu- 
latum,  the  ripple  has  a  frequency  of  720  Hx  and  an  amplitude 
€d  0.322  Gauss,  and  the  sextupole  strength  is  ;5q  =  —0.55580, 
which  r^roduces  the  relationship  =  (1.0567  x  10^)7  ob¬ 
tained  fitom  a  fit  to  the  dependence  of  betatron  tune  on  betatron 
amplitude  in  the  full  lattice  mentioned  in  Section  I.  For  an  ini¬ 
tial  beam  whose  distributions  in  t  amd  x'  are  Gaussian  (and 
thus  the  distribution  in  the  angle  variable  is  uniform  in  the  lin¬ 
ear  apprmdmation),  the  averages  of  the  second  order  terms  over 
the  angle  variable  are  sero,  and  one  has  to  go  to  a  third-order 
perturbation  calculation.  However,  a  serious  drawback  of  the 
action-angle  ^^roach  is  that  i*  proportional  to  /~^, 

and  the  perturbation  calculation  breaks  down  for  small  I.  We 
am  BOW  wotidng  on  a  new  set  of  variables  which  doesn’t  have 
this  iwoUem. 


X  (mm) 


Figure  3.  Phase  space  distribution  of  a  beam  after  50000  turns 
from  a  perturbation  calculation. 


III.  TRACKING  SIMULATIONS 

To  chedc  our  theoretical  modds,  we  have  tracked  particles  us¬ 
ing  Knear  trander  matrices  with  kicks  frmn  a  single  sextupole 
and  a  localised  dipde  rip|de.  This  simple  trackmg  method  has 
]»oduced  the  results  indicated  by  crosses  in  Figure  2,  and  repro¬ 
duced  those  drown  in  Figure  3.  It  also  gives  results  very  similar 
to  those  shown  in  Figure  1.  The  results  from  a  run  fallowing 
500  particles  with  Hr  =  1  Gauss,  Ur  =  2x(720)  rad  sec~* ,  and 


S'  m  123.78677  is  shown  in  Figure  4.  Because  the  computing 
time  with  the  simple  tracking  simulatimi  is  greatly  reduced, 
we  can  now  more  easily  determine  the  dependence  of  the  final 
equilibrium  emittance  on  a  few  relevant  parameters,  e.g.,  ripple 
amplitude.  Figure  5  summarises  oar  study  on  the  dependence 
of  relative  emittance  growth  on  ripple  amplitude  and  betatron 
tune.  The  ripfde  frequency  is  fixed  at  720  Hx. 


0  SOOOO  100000  160000  200000  260000  300000 
TURM  NUMKR 

Figure  4.  Variation  of  beam  emittance  in  time  from  a  simple 
tracldng  simulation. 
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Figure  5.  Relative  growth  in  beam  emittance  as  a  function 
of  ripfde  amplitude.  Circles:  =  123.77877;  squares:  v  = 

123.78215;  diamonds:  p  =  123.78677. 

IV.  CONCLUSIONS 

Theoretical  models  have  been  developed  to  explain  the  fea¬ 
tures  of  emittance  evolution  observed  from  the  full  lattice  simu¬ 
lation  in  the  presence  of  diptde  ripfde.  Our  calculation  with  just 
dipole  ripple  is  exact  and  exidains  the  observed  initial  oscillar 
tions  of  beam  emittance.  Our  modd  for  the  apparent  existence 
of  final  equilibrium  state  is  based  on  a  second-order  pertnrbsr 
tion  calculation  involving  both  diprde  ripple  and  sextupde.  Its 
predictions  agree  very  well  with  results  from  simple  tracking 
simulations  using  a  linear  lattice  jdus  kicks  from  dipole  ripide 
and  sextupole.  The  simple  tracking  method  that  we  have  de¬ 
veloped  is  very  fast  and  very  suitable  for  exfdoring  find  equilib¬ 
rium  states  by  changing  relevant  parameters  over  a  wide  range. 

J.A.E.  gratefully  acknowledges  discussions  with  M.  Kummer. 
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ProtOB-Proton  Scattering  Contributioii  to  Emittance  Growth 
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AMnet 

Piotoo-paoton  afattwring  eontribotes  to  tbe  amittance 
groirtb  ot  the  SSC.  A  fommlatioo  is  givan  and  used  to  asti* 
mate  tbe  mean  seattaiing  ao^,  whidi  is  used  to  datonmna 
tbe  contribution  to  SSC  amittanoa  groirtb  rasolting  firom 
dastic  pp  scattering.  Hie  metbod  is  based  upon  Lorents 
invariants,  and  it  pomits  tte  datarminatkm  of  tbe  eroas- 
seetion  Hcmt  scattering  in  the  canter  ot  mass  (c.m.)  system, 
as  wall  as  scattering  fittMU  a  fixed  target  (f.t.).  Also  an  ex¬ 
ample  is  pvm  &»  the  case  of  elacttcnnagnetie  pp  scattering, 
which  resoHs  from  rin^a  virtual  phokm  exchange. 

I.  INTRODUCTION 

The  cerntribotion  from  pp  elastic  scattering  to  transverse 
onittanca  growth  is  detenninad  for  the  SSC.  Elastically 
scattered  protons  with  a  nnall  scattming  angle  wiL  remain 
within  the  Collider  proton  beam.  These  scattered  par¬ 
ticles  contribute  to  the  growth  of  the  beam’s  transverse 
onittance.  Numerical  results  for  emittance  growth  result¬ 
ing  from  pp  scattering  and  other  sources  are  given  in  [1]. 
In  this  pqper,  a  summary  is  given  of  the  analytical  meth¬ 
ods  that  are  used  to  detenmne  tbe  mean  scattering  imgle 
resulting  from  pp  elastic  scattering.  Lorents  invariants  and 
croes-sectiooB  are  defined  in  Appendix  A. 

II.  PROTON-PROTON  ELASTIC 
SCATTERING 

The  contribution  to  transverse  emittance  growth,  for  one 
degree  of  freedom,  resulting  from  pp  elastic  scattering  is 
given  by 

(2.1) 

where  and  jCi  are,  respectively,  the  bets  frmction  and 
the  lununority  at  the  interaction  point.  In  this  expres¬ 
sion  Np  is  the  number  protons  per  bunch,  Af  is  the  num¬ 
ber  cdbtindbes.  cr,{  is  the  pp  dastic  scattering  cross-section, 
and  ■y<  ^  >  is  the  rms  value  of  the  pp  elastic  scattering 
angle  in  the  centot  of  mass  system,  whi^  is  projected  onto 
the  transverse  x-direction.  A  similar  expression  occurs  for 
the  transverse  p-direction.  Hie  mean  scattering  an^e  can 

*Opetat«d  by  tbe  Ibiivenities  ReMarcli  AHocieti<m,  Inc.,  for 
tbe  U.S.  Department  of  Baergy  under  Contract  No.  DE-ACSS- 
affiiRMMas. 


1m  estimated  fimn  the  differential  dastic  scattering  cross- 
section 


where  5  and  T  are  Lordits  invariants.  These  invariants, 
defined  in  (Al),  are  5  m  2Ef„  ,  and  T  w  >5ein^(d/2)  w 
— +  ^y)/d.  The  invariant  differential  cross  sectfam  f<» 
pp  dastic  scattering  is  [2) 

(,.S) 

where  or  is  the  total  pp  ctoao  section,  i  is  the  dcqie  param¬ 
eter,  and  pAiO  is  the  rario  (Ethereal  part  to  the  imaginaty 
part  of  the  scattering  anmiitnde.  Assuming  that  tbe  skme 
parameter  is  a  constant,  one  can  integrate  the  diffwential 
cros8-secti<m  to  obtain  b  at  With  the  aimroxi- 

mation  o«i  «  {\IA)or,  one  finds  h  »  or/Ait. 

Unng  the  i4>pTaximatk»)s  above,  the  differential  cross- 
section  in  the  c.m.  system  becomes 


where 

=  y/<W>  =  (65/2)-'/^  (2.5) 

This  is  the  expresskm  to  be  subdituted  into  (2.1)  to  find 
dcsldt.  For  colliding  protmi  beams  with  y/S  =  40  TeV  and 
Or  fa  130  mb,  one  finds  h  w  26.6  GeV'^  and 

Os,  =  y/<  32  >  =  6.9  p  rad.  (2.6) 

In  the  above,  the  value  of  the  total  pp  scattoring  cross- 
section  is  determined  from 

or  =  38.6  -I-  l.33/n*(^J^),  (2.7) 

which  is  obtained  from  cosmic  ray  data  [3].  Theoretical 
models  giving  values  for  the  total  and  elastic  pp  cross- 
sections  can  be  found  in  [4]. 

Using  the  above  techniques,  one  can  estimate  the  rms 
scattering  angle  >/<  >  fi»  the  scattering  of  a  proton  in 

a  20  TeV  beam  from  a  fixed  proton.  The  scattering  angle 
in  the  c.m.  system  for  hi^  energy  pp  scattering  is  found 
from 

2T 

cos(tf)«^+l.  (2.8) 
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Tke  tealtariiig  angle  for  a  inotMi  of  cBetgy  w  =  5/2m&om 
a  proton  at  net  b  found  fiK»a 


'  “  (S/m>)  (5/ma)* ' 


(2.8) 


U«ng  coed  w  1  ~  (l/2)sin’d,  the  fixed  target  scattering 
aa|^  is  related  to  the  c.in.  scatttting  an^  0  through 


For  the  scattering  of  a  20  TeV  proton  focnn  a  proton 
at  rest,  the  tins  scattering  angle  in  the  c.in.  syston  is 
Sound  from  (2.5), with  =;  193  GeV,  or  =  50.2  mb  and 
i  «  10.3GeV’,  to  be  V<d*  >  M  3.2  mrad.  The  corre- 
tocmding  angle  in  the  fixed  target  system  is  found  to  be 

$1  >  «  47  /irad. 


III.  PROTON-PROTON 
ELECTROMAGNETIC  SCATTERING 

In  this  example,  pp  scattering  is  treated  as  an  electrp- 
noagnetic  event,  and  the  scattering  of  two  fmnions  of  initial 
four-nimnenta  a  and  5  to  a  final  state  of  four-momenta  e 
and  d  results  from  the  exchange  of  a  single  virtual  phokm. 
The  system  of  units  h  =  e  =  m  =  li»  used.  Since  both 
the  initial  and  final  states  involve  identical  particles,  these 
states  must  be  antisymmetiical.  The  initial  state  |/)  and 
the  final  state  |P)  are  represented  as 

=  =  (3.1) 

The  matrix  element  for  this  process  is 

(F|Af  |/)  =  ((cd|Jlf  loh)  -  (cd|Af  |5a)-i- 
(de|M|6a)  -  (dc|Af  ia6)]/2 

=  e^iJ^Cd,  h)D^,{a  -  c)ric,  a)  -  (d  ^  c)],  (3.2) 

where  the  fermion  current  is  J'*{c,a)  =  tie7'*«a.  The  pho¬ 
ton  propagator  is  D,tv{a  -  c)  =  4xy,,v/((a  -  c)*  -f  ie).  We 
use  the  fermion  density  matrix  Pii{a)  =  UatUa;,  whi<^  has 
the  property  Trp(a)  =  2. 

The  invariant  differential  cross-section  for  this  process  is 

whoe  M{S,T)  =  l(F|M)/)p.  For  the  scattering  of  un¬ 
polarized  fermions  when  the  polarization  of  the  final  state 
fermions  is  not  observed,  the  initial  state  spin  density  ma¬ 
trices  for  a  zmd  b  are  of  the  form  po(a)  =  (fl  -f- 1)/2.  For 
the  final  states  |c)  and  |d),  which  include  a  summation  over 
the  final  spin  states,  the  corresponding  density  matrices  are 


multiplied  by  two.  The  inwiant  diffoential  cross  section 
fi»  this  case  is  now  found  to  be 


-B{S,T,U)-B(S,U,T)]. 

(3.4) 

The  invariant  functions  are 

A(5,r,iA)  =  ^r'"'(d,6)r^(c,a) 

(3.5) 

^(5.T,£A)  =  ^r'‘V(6,c,a,d), 

(3.6) 

T‘*'(c,  a)  =  Tr[0f  -i-  iyf{i  + 1)^*']. 

(3.7) 

r^*'(5,c,o,d)  =  rr[y‘(^-i-l)y'(/«+l)7*(f<+l)7'(/+l)]. 

(3.8) 

Upon  evaluation  of  the  traces,  the  invariant  functions  be- 

come 

A(S,T,U)  =  ^[S*  +  U^  +  8T-6] 

(3.9) 

00 

B{S,T,U)  =  ~[S^-8S  +  12)]. 

(3.10) 

In  the  high  energy  limit  when  S  becomes  large,  one  finds 

dir,i,  .  j.  4xe^ 

—{ab-*ed)fa^. 

(3.11) 

The  rms  value  of  the  c.m.  scattering  angle  associated 
with  (3.11)  can  be  found  using  (2.8)  in  the  form 

<  COS0  >w  1-  <  0*  >  /2  =  2  <  T/S  >  -Hi, 

(3.12) 

where 

fTmmw 

<r>=  /  T{d<r,ldT)dTfe„ 

(3.13) 

and  V,  =  J {d<rg/dT)dT.  The  rms  value  of  the  scattering 
angle  is  written  in  terms  <rf  the  projection  on  the  transverse 
direction  as  y/<  0^  >  =  y/2  <  9^  >.  The  integration  limits 
are  found  from  T  tn  0^/4,  where'  $max  end  Omin  ere  found 
from  the  uncertainty  principal,  ArA0  fa  h/p,  and  rmw 
and  rmin  ere  found  from  the  beam  size  and  proton  radius, 
respectively.  One  finds  for  <r,i  <  6^  >,  which  appears  in 
(2.1),  1.6  X  10“^®  m*  from  (2.3)  and  1.8  x  10“^®  m®  from 
(3.11),  which  is  smaller. 


APPENDIX  A:  Kinematics  and  Cross-Sections 

In  this  appendix,  the  kinematicai  variables  and  cross- 
sections  used  in  the  analyris  are  given.  Particles  char¬ 
acterized  by  four-noomenta  a  and  b  interact  elastically  to 
yield  particles  characterized  by  four-momentum  c  and  d. 
For  this  ptc^'ess,  energy-momentum  conservation  is  repre¬ 
sented  as  a-f-6  =  c+d,  where  a  typical  four-vector  is  repre¬ 
sented  as  a  =  (a®,  a),  such  that  a®  =  (a®)®— a.a  =  m\.  The 
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iateraetioii  dtuuiali  an  defined  according  to  the  Lorentz 
invanania 

5  =:  (o  +  fc)>,  T  =  (a  -  c)».  U  =  (a-  d)*,  (Al) 
which  eatiafy  (S  +  T  +  y)  =  o*  +  fc’  +  c*  +  d*. 

In  the  c.in.  qraton,  (»e  finda  the  invariant  expieeeions 
tx  enttgy,  momentiiin,  and  scattering  an^ 

S.  =  S(S,  0, »)  *=  (S  +  o»  -  6»)/4(5/4)»/*,  (A2) 

St  =  S(S,b,a).Sc  =  S(S,e,d),S4  =  S(S,d,e), 

W  =  |b|  =  |C|  =  |d|  ^ 

(A3) 


and 


cos  =  (r  -  o»  -  c»  +  2^£»)/2|a||c|,  (A4) 


with 


f(S,  a,  6)  =  [5  -  (m.  +  mt)^[S  -  (m<.  -  (A5) 


In  the  fixed  target  system,  the  corresponding  relations 
are 

Ua  =  w(S.o,  b)  =  (S-a^  —  b^)/2mt, 
ut  =  mt,Uc  =  -w(U,c,b),(jii  =  -w(T,d,4),  (A6) 

W  =  /'/’(5.o.6)/2m4,|bl  =  0, 

Id  =  e,  b)/2mt,  |d|  =  6,  d)/2m»,  (A7) 

and 

coed,*  =  [26*(r-  a’  -  c’) 

-(5  -  o»  -  6»)(tA  -  6»  -  c’)]/[/(5,  a,  b)m  c,  b)]^'^.  (A8) 

The  differential  cross-sections  are  found  from  the  defini¬ 
tion  of  the  invariant  total  cross-section  for  the  interaction 
<ff  two  particles  initially  in  the  states  |a  >,  and  |6  >  and  the 
subsequent  production  of  an  n-particle  final  state,  where 
each  particle  is  characterized  by  a  momentum  state  |pj  >. 

This  cross-section  is  defined  as 

f[««-  m?)d(p.)  x6{a  +  b-  'f^POMiS, T,  U),  (A9) 

i=l  {=1 

with  0{p)  =  [(p^/u)  -I-  l]/2,u)  =  (IpI’  +  and 

A4(5,T,t^)  =  |</|Af|o,t>^ 

where<  f\M\a,b  >  is  the  transition  amplitude  from  the 
initial  to  the  final  state.  In  (A9),  one  uses  an  invariant 
definiticm  of  the  flux,  which  b  represented  as  the  magnitude 
the  relative  velocity  jv,  —  v»|  in  the  c.m.  system.  The 
flux  becomes  F  =  /*/*(s,a,6)/2fa5». 


Particular  differential  cross-sections  may  now  be  ob¬ 
tained  from  (A9).  Of  special  interest  is  the  diffnential 
cross-section  defined  fcmnally  as 

^  =  o(5,T)«lT-(o-c)»].  (AlO) 

For  scattoing  into  the  solid  angle  dO,* ,  <me  finds  f<H  elastic 
scattering  in  the  c.m.  syston 

MU) 

The  corteqmnding  diffoential  cross-section  in  the  f.t.  sys¬ 
tem  may  be  found  from  (A8)  and  (AlO)  to  be 

da  2f'f\S,a.b)f/\U,e,b)da 
dilt.t~  irg(S,T,l,m,l,m)  dT' 

For  the  elastic  scattering  of  a  particle  of  unit  mass  with  a 
particle  of  mass  m,  one  finds  the  expression 

9(S,i,  l,m,  l,m)  =  128m*((5/4)*-|-5T/16-(5/4)(m*-|-l)/2 

-(r/4)(m»  -  l)/4  -I-  (m*  -  l)Vl6].  (A13) 

The  integration  indicated  in  (A9)  and  (AlO),  whoi  there 
is  a  two-particle  final  state  characterized  by  four-monaenta 
c  and  d,  is  performed  in  the  c.m.  system  using  the 
momentum-q;>ace  measure 


dcdd=lcpd)cldne^dd~ 


(A14) 


to  find  (3.3). 
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Aburact 

Source  dimenskMis  in  the  electron  storage  ring  are 
routinely  monitored  on  a  diagnostic  beam  line.  During  recou 
recommissioning  the  SRS,  following  the  installation  of  a 
second  wiggler  magnet,  relatively  poor  vacuum  conditrans 
were  experienced.  Large  s^  changes  in  source  sue  have  been 
measured  and  broad  tune  sip^  have  been  seen,  together  with 
other  effiems  dharacieristic  ^  ton  infhiences.  Chin^  of  source 
siae  and  beam  stability  as  a  function  of  ion  clearing  electrode 
voltage  have  also  bem  observed.  This  p^m  summarises  all 
smA  effects  observed  and  comments  on  their  probdde  causes. 
It  also  inchkies  otha  data  on  source  dimensions,  such  as 
measured  emittance  coupling  and  the  effect  of  insertion  devices 
in  the  lattice. 


I.  INTRODUCTION 

The  source  size  of  the  stored  electron  beam  in  the  SRS  is 
monitored  routinely  and  now  uses  a  fully  automated  computer 
data  acquisition  s^m.  Recording  the  beam  profiles  during 
every  stored  beam  has  brought  to  light  some  interesting 
patterns  of  source  size  bdiaviour.  This  paper  summarises 
some  of  the  results  obtained  recently.  Of  piu^ular  interest  is 
the  way  in  which  positive  kms  appear  to  affect  the  beam.  This 
pqrer  emphasises  the  results  that  show  such  ion  dependent 
phenomena.  After  a  recent  vacuum  system  let-up,  for  the 
installation  of  a  second  superconducting  wiggle  magnet  [1], 
relatively  pom  vacuum  conditions  existed  as  the  vacuum 
system  reconditioned.  The  c^rportunity  was  taken  to  study 
alternative  nwthods  of  controlling  km  behaviour. 


IL  SOURCE  SIZE  DIAGNOSTICS 

The  SRS  has  a  dedicated  diagnostic  beamline  which 
monitors  the  visible  synchrotron  radiation  emitted  by  the 
stored  dectron  beam.  This  diagnostic  facility  has  been 
described  in  detail  elsewhere  [2].  The  beam  profiles  are 
measured  by  imaging  the  visible  synchrotron  radiation  onto  a 
pair  of  photodiode  arrays,  one  for  each  axis.  Recently  the 
system  has  been  expanded  to  include  computer  controlled  data 
acquisition.  The  output  of  the  anays  is  read  into  a  Macintosh 
computer  controlling  a  range  of  instruments.  This  allows 
accurate  curve  fitting  to  be  carried  out  on  the  data.  The  system 
is  fully  automated  and  is  generally  allowed  to  run  for  periods 
of  qqiroximately  24  hours.  All  of  the  software  is  written 
usii^  the  commercial  software  package  LabVIEW  [3]. 
LabVIEW  is  a  graphical  programming  system  for  data 
acquisition,  analysis  and  presentation.  By  assembling 
gnqihical  sollware  modules  in  the  fcmn  of  block  diagrams  the 
programmer  avoids  the  need  for  cumbersome  text-based  code. 


in.  SOURCE  SIZE  VARIATION 

A .  Typical  Beam  Behaviour 

The  beam  profiles  are  recorded  routinely  during  every 
operational  stored  beam  period.  On  the  SRS  typical  starting 
currents  are  of  the  order  of  250  mA  after  being  ramped  to  the 
ftiD  energy  of  2  GeV.  The  beam  lifetime  is  generally  around 
25  hours.  All  of  the  160  rf  buckets  are  filled. 


Beam  Current  (mA) 

Figure  1.  Typical  horizontal  (a)  and  vertical  (b)  source  size 
measurements  on  the  SRS  at  2  GeV. 

After  opening  the  vacuum  system  to  install  the  second 
siqierconducting  wiggler  magnet  in  early  1992  the  residual  gas 
pressure  in  the  SRS  was  relatively  high  (-7  x  lO*^  Torr).  This 
led  to  some  interesting  changes  in  profile  during  periods  of 
sttned  beam.  A  typical  example  of  how  the  profile  varied  as 
the  current  decayed  is  shown  in  Figure  1.  Note  how  the 
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vMical  stqtchmge  ifipeaR  u>Goiiiciue  with  a  levelling  off  of 
the  horiaoittal  pimle.  The  stq>  Iflce  changes  appment  in  the 
vertical  pR)file  are  thought  to  be  due  to  ion  species  trapping 
and  detrigiping.  This  betaviour  has  been  observed  to  become 
less  common  as  the  vacuum  has  improved  (xS  x  10*^  Torr).  It 
is  usnl  for  the  vertical  profile  to  decrease  in  a  smooth  fa^ion 
as  the  beam  current  decays  at  lowm  pressures  and  presumably 
less  ions,  however  the  horizontal  profile  does  still  show  some 
unpredictable  behaviour. 

Clearly  unusual  behaviour  cannot  be  automatically 
attributed  to  ions.  A  rigorous  extacise  was  undert^en  to 
identify  and  eliminate  otto  p^Ne  causes.  On  the  SRS  there 
are  two  wed  established  woildng  points  in  betatron  tune  space 
(one  for  high  emittaiKe  and  one  for  low).  The  unpredictable 
beam  profile  behaviour  has  been  obsenred  at  bo^  working 
points.  No  coherent  signals  are  associated  with  the  phenranena 
which  points  away  from  certain  instabilities.  Also,  the 
betatron  tune  signals  observed  with  a  pick*up  are  relatively 
wide  at  higher  residual  gas  pressures,  particularly  in  the 
vertical  plane  (±0.008  compared  with  ±0.001  at  lower 
pressures). 


B.  The  h^luence  of  Ion  Clearing  Electrodes 

Ion  clearing  electrodes  are  installed  above  and  below  the 
beam  orbit  in  each  of  the  sixteen  dipole  vessels.  These  are 
used  routinely  during  operations.  To  demo.nstrate  the  necessity 
to  (^rerate  with  the  dectnxtes  on,  the  election  beam  profiles 
have  been  recorded  during  the  decay  of  a  2  GeV  beam  under 
typical  operating  conditions  with  and  without  the  clearing 
voltage  iqiplied  The  vertical  source  size  for  the  two  cases  is 
shown  in  Figure  2.  In  this  case  a  clearing  voltage  of  >500  V 
has  produced  a  significant  reduction  in  vertical  proTiU  and  with 
lower  point  to  point  scatter.  Clearly  the  ion  clejuing  electrodes 
are  nece'.siffy  for  minimising  the  influence  of  ions  on  the 
electron  beam. 
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Rgure  2.  Vertical  source  size  at.  a  function  of  beam  current  for 
different  km  clearing  vdtages. 


A  more  extensive  optimisation  than  can  be  detailed  here 
has  been  undertaken  of  the  actual  routine  value  to  be  used  for 
the  clearing  voltage.  This  has  found  ifam  moat  of  the  benefit  is 
gained  from  the  first -100  V  but  addition^  voltage  does  have  a 
useful  effect  In  general  the  km  clearing  electiodes  are  used  at  a 
level  of -600  V. 

C.  Different  Fill  Structures 

It  is  well  known  that  the  trapping  of  kms  dqxnds  greatly 
upon  the  fill  structure  employ^  By  leaving  a  ruimber  of 
consecutive  rf  buckets  empty  during  injection  the  threshold 
current  for  km  capture  can  be  greatly  reduced.  The  influenoe  of 
the  fill  structure  on  the  beam  dimensions  has  been  investigated 
on  the  SRS.  A  beam  was  injected  with  qrptoximately  M  of 
the  possible  160  rf  buckets  filled  consecutively.  At  2  GeV 
typical  operational  conditions  were  applied  arkl  the  beam  was 
allowed  to  decay  naturally.  The  source  dimensions  were 
compared  with  those  of  the  next  two  normal  operational 
beams  which  both  had  all  160  bunches  filled.  Note  that  for  rdl 
of  these  beams  the  ion  clearing  electrodes  were  employed  at 
their  nominal  value  of  -600  V.  The  vertical  prorists  obtained 
are  shown  in  Figure  3.  It  is  clear  that  the  vertical  source  size 
is  highly  influent  by  the  fill  struemre  as  expected.  Simide 
linear  theory  has  confirmed  that  with  all  buckeU  filled  then  ail 
ions  can  be  trapped  whereas  with  a  large  gt^  of  around  130 
buckets  only  ions  with  a  mass  to  charge  ratio  greater  than  -50 
will  be  readily  trapped  by  the  electron  beam  at  over  100  mA. 
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Figure  3.  Vertical  source  size  as  function  of  beam  current  for 
diffnent  fill  strucuues. 

D.  Insertion  Devices 

There  are  now  three  insertion  devices  installed  in  the 
SRS,  one  undulator  and  two  superconducting  wigglers.  The 
undulator  has  a  minimal  effect  on  the  source  size  but  the 
wigglers  should  have  a  significant  eflect  The  beam  profiles 
have  been  recorded  as  the  5  T  wiggler  is  energis^.  The 
wiggler  ramp  was  paused  at  a  number  of  field  values  and 
several  sets  of  profiles  recorded  at  each  one.  The  betatron  tune 
change  induced  by  the  wiggler  was  minimal  since  a 
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flMMBMiliea  aelwne  is  in  use  akhoi^  does  leeve  some 
nsidual  iMi  fnnetioa  moduletion  (4].  Tlie  lesults  the 
BKpwiwni  are  slown  in  Pifwe  4.  Uiexpeciedly  tbe  vottkel 
SBuwe  sine  ectwUydecieesesM  the  wig|^  field  is  increesed 
•oST. 


Figured.  Horizontal  (a)  and  veitical  (b)  source  size  variation 
as  a  fiuiction  of  wiggle  field.  The  beam  cuirent  was  100  mA. 


A  lattice  model  has  been  used  to  predict  the  theoretical 
efEect  of  die  wiggler.  Our  in-house  code  ORBIT  [S]  predicts 
that  the  emittance  should  increase  by  <"23%.  In  a  simple  model 
the  emittance  increases  with  the  integral  of  the  B-ficld  cidied. 
This  is  clearly  reflected  in  the  figure.  Since  the  vertica]  beam 
profile  actually  reduces  it  is  assumed  a  slight  decrease  in  the 
emittance  coining  must  be  induced  by  the  wigglor.  By  using 
vidues  of  beta  functions  and  diqieraion  function  from  die 
lattice  model  it  is  possible  to  estimate  the  change  in  the 
apparent  emittance  coiqiling.  The  cou|ding  with  the  wiggler 
off  is  2.8%  whereas  with  the  wiggler  on  at  its  full  field  of  5  T 
it  is  2  J%.  The  newly  installed  6  T  wiggler  has  now  been 
commissioaed  {l]  and  early  uidications  are  that  the  source  size 
chaises  will  be  ctf  the  same  order  as  for  the  5  T  wiggler. 


IV.  CONO-USIONS 

It  has  been  demonstrtted  that  under  relativdy  poor 
vacuum  conditions  the  source  size  exhibits  step  Bke  chafes 
which  have  been  attributed  to  km  tnppmg  a^  detrapping. 
Fcdlowing  these  obaervatioos  several  eiqiernnents  have  been 
canied  out  to  study  tbe  influence  of  the  km  clearing  elecsrodes 
and  the  beam  fill  structure  on  the  source  diineasioos. 

It  has  been  shown  that  the  influence  of  kms  is 
significantly  reduced,  in  terms  of  source  size,  by  the 
a^icadon  ^  the  km  clearing  dectrodes.  The  fiU  atructue  of 
the  beam  has  also  been  demonstrated  10  be  im  effident  method 
of  reducing  the  influence  of  ions.  A  rou^y  2S%  tethKtkm  in 
vertical  profile  has  been  demonstrated  by  reihKing  the  nmnber 
of  consecutive  rf  budtets  from  the  full  conqilement  of  160  lo 
approximatdy  30.  Sim|^  linear  km  theory  agrees  that  such  a 
change  in  the  fill  structure  should  seve^  restrict  ion 
trapping.  However  it  would  not  be  feasible  to  run  the  SRS 
operationally  in  this  mode  since  the  lifetime  would  be  too 
short  This  is  due  to  the  Touschek  effect  at  such  relativdy 
high  bunch  currents.  To  maintain  a  long  lifetime  it  will  be 
necessary  to  increase  the  number  of  buckets,  whilst  still 
having  sufficient  gap  to  reduce  the  influence  of  the  ions. 
Different  fill  stnicuires  will  be  investigated  in  the  near  future. 

The  S  T  wiggler  has  been  diown  to  reduce  the  vertical 
profile  although  the  radial  emittance  is  increased.  This  is 
thou^t  to  be  due  to  a  slight  change  in  the  dnittance  coupling 
from  2.8%  to  2.3%.  It  appears  from  early  commissioning 
woric  that  the  effect  of  the  6  T  wiggler  on  the  source 
dimensions  will  be  of  the  same  order  as  thm  of  the  S  T 
inserticn  device. 

Although  experiments  on  ion  effects  in  storage  rings  are 
notoriously  difficult  to  assess,  it  has  been  demonstrated  that 
itm  influences  are  significant  on  the  SRS.  However  by  using 
simple  iediniques.  such  as  km  clearing  electrodes  and  different 
fill  structures,  the  effect  of  the  kms  on  the  source  size  can  be 
minimised.  At  the  mrnnent  the  standard  t^ierational  stmed 
beam  uses  all  of  the  rf  buckets.  More  reseuch  is  required 
before  a  new  operating  regime  can  be  introduced  for  normal 
operations. 
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Alignment  tolermices  in  linear  colliders  are  closely 
dependent  on  the  expertise  in  beam  tnyectory  handling, 
psnkiitarly  in  CLIC  where  wake  fields  dominaie.  Control  of 
the  on^nomottiim  trajectory  only  can  be  considered  as  in  a 
straightforward  one-to-one  scheme.  However,  more 
sophisticated  fwocesses  can  be  contemplated,  involving 
several  conectors  and  beam  position  monitors.  Moreover,  it  is 
possiMe  to  apply  gradient  variations  firom  the  nominal  values 
in  order  to  simulaie  and  better  compensate  dynamical  effects, 
as  first  suggested  at  SLAC.  The  present  pap»  describes 
various  methods  applied  with  assumptions  reflecting  the  most 
recent  characteristics  of  the  CLIC  main  linac  and  beam. 
Calculations  for  sevml  sets  of  parameters  are  presoited. 
Alignment  requirements  are  alleviated  and  fall  in  the 
feasibility  domain  while  maintaining  the  previously 
mentioned  key  parameters  within  specifications. 


I.  INTRODUCTION 


Global  trajectory  correction  algorithms  were  first 
successfidly  proposed  at  SLAC  for  the  NLC  [Ij.  their 
advantage  being  to  better  cope  with  misalignments  affecting 
magnets  and  acoeteiating  structures  of  a  linac  than  a  straight¬ 
forward  one-to-one  scheme.  These  global  schemes  aim  at  the 
minimization  of  an  expression  of  the  form: 


W+Xj)^ 


(Axj>/^j)^ 

2oF 


(1) 


The  first  term  is  related  to  the  nominal  momentum 
trajectory  and  xj  and  Xj  are  the  measured  and  calculated 
deflections  at  j,  whereas  the  second  one  deals  with  off- 
momentum  phenomena.  In  the  case  of  the  Dispersion-Free 
(DP.)  algoritlun.  Axj  and  AXj  are  the  measured  and  predicted 
trajectory  differences  between  particles  with  energy  excursion 
5  =  Ap/po  and  particles  at  nominal  momentum  po-  A 
custonmry  weighting  of  both  terms  is  applied  considering 
the  r.m.s.  pick-up  reading  resolution  and  Ob  ibeir  r.m.s. 
alignment  eaor  which  disappears  in  the  second  term  where 
only  trajectory  differences  are  involved.  Instead  of  a  DP. 
process,  one  can  try  to  simulate  and  hence  correct  for  the 
influence  of  wake  fields  experienced  by  particles  having  off- 
centred  trajectories  in  the  accelerating  structures;  these  wake 
field  kicks  always  have  the  same  direction  on  a  given  skte  of 
the  machine  axis.  A  Wake-Free  (W.F.)  algorithm  tries  to 
mimic  them  by  generating  an  anti-symmetrical  gradient 
variation  of  the  focusiog  and  defocusing  lattice  quadrupoles; 
the  induced  trajectory  differences  are  then  minimized.  Both 
the  DP.  and  W.F.  methods  require  one  to  vary  the  strength  of 


lattice  quadrupoles,  but  in  the  former  process  the  F  and  D 
chains  are  moUd  in  synchronism,  whereas  in  the  latter  case 
they  are  affected  in  opposite  directions,  hfeasuring  the 
trajectory  at  each  pick-up  for  nominal  setting  and  every 
perturbed  configuration  provides  the  quantities  xj  and  Axj. 
The  determination  of  Xj  and  AXj  requires  the  knowledge  ^ 
all  tranffer  matrix  coefficientt  R12  (iJ)  from  any  kick  i  to  a 
pick-up  j  >  i,  again  at  nominal  setting  and  for  every  detuned 
situation.  When  these  coefficients  only  reflect  the  basic 
machine  FODO  model,  they  exhiltit  non-linemities  with 
energy  deviation  which  can  be  treated  [2].  However,  in  the 
case  of  CLIC,  with  wake  fields  at  full  strength,  this 
description  is  not  suffic^t  for  good  convergence,  and  they 
have  to  be  determined  by  measurement  in  the  presence  of  the 
wakes  and  of  the  beam-energy  dispersion  along  the  linac. 
Their  behaviour  is  then  much  more  linear.  In  pramice  a  given 
kick  is  generated  at  i.  lortiung  at  the  re^mnse  at  the 
subsequent  locations  j.  With  the  beam-energy  dispention,  the 
effect  of  a  kick  is  dainped  after  some  distance.  Good  accuracy 
requites  therefore  the  regennation  of  these  kicks  regularly 
along  the  linac  [3]. 

n.  APPUCATION  TO  THE  CUC  MAIN  UNAC 

Both  D.F.  and  W.F.  algorithms  have  been  tested  in  the 
case  of  the  CUC  main  liruc.  CLIC  (stage  1)  with  &ial  cm. 
energy  of  0.5  TeV  is  considered,  which  implies  an 
accelerating  structure  length  of  3200  m  mid  320  quadrupoles 
per  linac.  Beam  parameters  are  described  in  [4];  an  iiyection 
energy  of  5  GeV  is  considered  with  a  90**  phase  advance 
FODO  lattice;  the  usual  (E/Eo)^^  scaling  is  ap^ied  for  BN.S. 
damping  considerations;  external  focusing  by  means  of  RF 
quadrupoles  located  at  each  lattice  quadnipole  is  used  with  a 
relative  strength  of  a  few  per  cent 

Only  the  vertical  pl^  is  considered.  With  a  nominal 
aspect  ratio  (rf  29  [4],  emittance  i»eservation  is  much  more 
critical  in  this  plane,  the  aim  being  to  maintain  the  emittance 
blow-ig)  below  a  factor  of  four  at  the  linac  end,  starting  with  a 
normalized  emittance  of  S-10~^  nm  at  injection.  Relative 
gradient  variations  5  of  3.5%  in  amplitude  are  used.  These 
perturbations  induce  trajectory  differences  of  several  hundred 
microns.  Figure  1,  larger  by  two  orders  of  magninide  than  the 
expected  alignment  errors,  and  are  also  above  the  beam- 
energy  dispersion  one  wants  to  cope  with.  Pick-ups  and  kicks 
are  iocaliz^  at  every  F  and  D  quadnipole.  Tests  revealed  that 
the  correction  processes  are  more  efficient  when  pick-ups  are 
distributed  along  the  beam  axis  rather  than  attached  to  their 
adjacent  quadrupole  [2];  the  number  of  pick-ups  and 
conectors  to  be  considered  in  a  single  application  of  the 
algorithm  is  of  the  order  of  10  for  the  best  efficiency. 
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Hgine  1.  Veitical  be»n  trajectory  (solid  line)  and  vertical 
dispeision  for  5  « 3.5%  (daslied  curve)  of  the  non-crarected 
CLIC  linac  in  the  S-2-2  case. 

Results  are  presented  for  r.m.s  alignment  errors  of 
S-2-2  pm  and  S-S-S  pm  respectively  on  quadnipoles.  pick-ups. 
and  accelerating  cavities.  The  fust  set  is  so  far  considered 
realistic  in  CLIC  alignment  studies  [S].  Pick-up  resolution 
errors  are  expected  to  fall  in  the  sub-micron  range  [6]. 

in.  DISPERSION-FREE  ALGORITHM  RESULTS 

In  the  S-2-2  case  the  beam  follows  the  vertical  trajectory 
represented  in  Figure  1  (solid  line).  Dispersion  effects  for  mi 
energy  excursion  +  3.5%  from  the  nominal  momentum  are 
also  shown  (dashed  curve). 

Without  correction  the  initial  normalized  emittance  of 
S-10^  nm  blows  up  by  three  orders  of  magnitude. 

The  same  data  are  given  in  Figure  2  after  application  of 
the  D.F.  process.  A  reduction  of  the  trajectory  p^-to-peak 
amplitude  by  two  orders  of  magnitude  is  obtained,  whereas 
the  dispersive  term  is  damped  by  about  a  factor  30.  Figure  3 
shows  the  nramalized  emittance  evolution  along  the  corrected 
linac  teaching  a  value  of  1710~^  nm  at  the  exit 


Hguie  2.  Veitical  beam  trajectory  (solid  line)  and  vertical 
dispeision  ford  =  +  3.5%  (dashed  curve)  after  D.F.  correction 
in  the  S-2-2  case. 


•  M 

Figure  3.  Normalized  vertkal  emittance  evolution  after  D.F. 
correction  in  the  5-2-2  case. 

The  application  of  the  process  is.  however,  not  completely 
straightforward.  Using  6  to  10  pick-up  and  corrector  bins 
several  iterations  are  required  on  the  same  region  and  a  total 
number  of  more  than  200  iterations  is  reached  along  the 
3.2  km.  Another  striking  feature  is  the  weighting  strategy  to 
apply.  Considering  expression  (1)  and  in  agreemem  with  the 
working  hypothesis  (at,  s  2  pm  and  Ojc  s  0.5  pm  [6])  one 
ought  to  weight  the  divisive  term  10  times  more  thim  the 
trajectory.  If  such  a  strata  is  applied  the  inocess  ^Hcieacy 
is  much  reduced  as  far  as  the  transverse  emittance  is 
concerned;  on  the  contrary,  good  results  are  consistently 
obtained  by  stressing  first  the  basic  trajectory  contiibutioo  1^ 
a  factor  of  10  or  more.  When  acceptable  results  are  thus 
obtained,  they  can  be  further  improved  by  a  factor  2  to  5  by 
resuming  the  iterative  process  with  the  two  vems  equally 
weighted.  Any  attempt  to  stress  the  dispersive  term  with 
respect  to  the  trajectory  leads  quite  systematicaily  to  bad 
results. 

Requirements  on  the  nominal  vertical  emittance  are  met. 
but  a  one-to-one  scheme  gives  similar  results  [7]  for  this 
misalignment  configuration. 

IV.  WAKE-FREE  ALGORITHM  RESULTS 

This  next  section  presents  the  results  thieved  when 
applying  a  W.F.  algoritiun  with  alignment  toloances  relaxed 
to  an  r.m.s  value  of  5  pm  for  the  three  types  of  components 
(5-5-5  case).  The  trajectory  and  ‘wake-free’  term  are 
represented  in  Figure  4  after  this  application,  and  the 
evolution  of  the  vertical  emittance  along  the  corrected  linac  is 
given  in  Figure  5. 

A  total  number  of  roughly  200  iterations  were  also 
necessary  in  that  case;  again,  instead  of  stressing  the  ‘wake- 
free’  term  in  expression  (1)  50  times  more  than  would  have 
been  suggested  by  pick-up  misalignment  errors,  a  first  pass 
was  performed  with  equal  weighting  of  the  two  terms,  and 
then  reinforcing  again  the  basic  uajectmy  contribution  with 
respect  to  the  other  one:  stressing  this  second  term  10  times 
more  was,  however,  found  useful  to  better  preserve  the 


3598 


cmiMBce  daring  tte  Hm  halMcilometre  of  the  linac,  i.e.  at 
tow  eaargy  when  the  (Ustuibii^  wake-field  forces  are  the  most 
hamfhL  This  is  reflected  on  Figure  4;  tiajectofy  distortion 
ampUtndes  are  kept  within  ±  10  ttm,  in  agreement  with 
eipectaiions  made  on  misalignment  errors  and  are  worsened 
at  the  bt^fimiing  by  the  emphasis  put  on  the  wake-free  term; 
ttos  latter  is,  on  the  omtiary,  well  controlled  in  the  first  part  of 
die  linac  and  dm  deteriorates  progressively. 

A  normalized  vertical  emiuance  value  of  16-10~^  nm  is 
obtained— Figure  S.  Considering  the  longitudinal  bunch 
(fistribotion  between  +3az  and  -2oz  brings  the  final  emittance 
value  down  to  14-10^  nm  (dots). 

With  respect  to  a  one-to-one  scheme,  a  factor  of  more 
than  three  is  now  gained  on  the  final  emittance  value  [7]. 


Figured.  Vertical  trajectory  (solid  line)  and  ‘wake-free’  term 
forarelative  strength  modulation  of  •••/-  3Ji%  applied 
respectively  on  the  QD  and  QF  chains  (dashed  curve)  after 
W.F.  correction  in  the  S-S-S  case. 
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Figure  S.  Nmmalized  vertical  emittance  evolution  after  W.F. 
correction  in  the  S-S-S  case. 


V.  DISCUSSION 

It  is  shown  that,  for  CLIC,  a  global  correction  method  can 
be  contemplated  as  soon  as  alignment  tolermices  of  pick-ups 
have  to  be  relaxed  beyond  an  r.m.s.  value  of  2  pm;  below  d^ 
value,  a  one-to-one  scheme  is  as  good  at  finding  a  solution.  A 
WP.  algorithm  looks  more  efficient  than  a  DP.  one.  This  is 
not  surprising  when  considering  the  huge  wake  fields  of 
CLIC,  and  cmroborates  the  conclusions  of  [1].  The 
application  of  such  processes  is  not  straightforward:  in  some 
cases  the  strategy  to  an>ly  relies  on  the  observation  of  the 
emitumce  behaviour  as  well  as  on  the  minimization  of 
quantities  provkled  by  the  signal  of  pick-ups  located  at  lattice 
quadnqioles  only.  This  can  probably  be  by  adding 

more  pick-ups  in  the  accelerating  sections  in  order  to  better 
centre  the  trajectory  in  the  RP.  cavities  where  wake  fidds  are 
generated. 

The  contribution  of  the  nominal  trajectory  term  had  to  be 
made  predominant  most  of  the  time  for  tte  best  process 
efficiency;  therefore  a  ‘natural’  weighting  strategy  relying 
only  on  pick-up  misalignment  emus  and  resolution  was  not 
I,  adequate.  Tte  strategy  to  follow  might  depend  on  the 
machine  which  is  considered  and  on  tte  application  of  the 
<  method.  Indeed,  the  relative  importance  of  both  terms  in 
^  expression  (1)  varies  with  wake-field  levels  as  well  as  with  tte 
I  energy  or  gradient  excursions  ai^lied  to  evaluate  quantities 
I  coming  into  tte  second  term.  In  the  case  of  CLIC,  with  a 
'  modulation  amplitude  of  3.5%,  the  importance  of  tte  two 
terms  was  roughly  balanced,  as  can  be  obrerved  in  Hgure  1. 

VI.  CONCLUSION 

For  CLIC.  by  virtue  of  a  global  algorithm,  aligiunent 
contingencies  can  be  alleviated  by  more  than  a  factor  of  two. 
whilst  tte  nominal  value  of  tte  normalized  vertical  emittance 
is  preserved;  misalignment  r.m.s.  errors  of  S  pm  can  be 
tolerated  on  pick-ups.  This  figure  can  probably  approach 
10  pm  when  applying  these  global  correcuon  metb^  U)  a 
machine  with  higher  injection  energy  and  new  scaling  laws 
[8].  Work  is  continuing  in  this  direction. 
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Abstract 

For  die  inaiii  linac  of  the  CERN  linear  coUider  (CLIC). 
emitttnce  d^iadatian  doe  to  wake  folds  and  misalignmMUs 
was  pnvtoosly  investigated  at  onvaryinc  injectioa  energy  and 
scaling  oi  the  betatron  function.  In  particular,  to  keq)  a 
ooostsDt  stability  margin  aIoi«  the  linac.  the  scaling  retained 
was  such  that  was  constant  Recent  devetepments  suggest 
that  the  lattice  scaling  along  the  linac  should  be  modulated 
difieiendy  in  order  to  better  balance  the  effects  of  the  wake 
folds  with  respect  to  the  chromatic  dispersoa  This  may  help 
to  reduce  the  emittance  dilution  as  would  also  a  reaaonaUe 
increase  of  the  injection  energy  compatible  with  a  bunch 
compressor.  In  the  case  (Mf  2S0-GeV  OJC  Knacs.  it  was  found 
that  indqiendent  scaling  of  the  cell  length  and  focusing 
strength,  and  scaling  laws  different  from  the  one  mentioned 
above  allow  a  better  control  of  the  growth  of  the  small 
emittances  foreseen,  especially  in  the  vertical  plane.  This 
qtproach.  combined  with  a  simultaneous  adjustment  of  the 
injecticm  energy  and  an  improvement  of  the  trajectory 
mastering,  has  made  it  possible  to  relax  the  alignment 
aderances  on  the  quadrupoles  and  the  cavities  while  keqiing 
the  final  emittances  at  their  required  level. 

I.  BETATOON  SCALING  WITH  ENERGY 

Scaling  assumptions  different  from  the  one  that  keqis 
conatam  the  stability  margin  [1]  can  be  made  when  including, 
besides  the  wake  fields,  the  emittance  and  trajectory 
dvomaticity  as  anodic  source  of  emittance  dilution.  One  of 
those,  whidi  involves  a  variatioo  of  die  phase  advance  per  cell 
p  along  the  linac,  can  for  instance  be  defined  by  [2] 

adiere/is  the  focal  distance  of  the  quadrupoles,  and  P  and  $ 
the  minimum  and  maximum  of  the  P-functions.  The  basic 
relation  between  /,  p  and  the  distance  Lc  sqiarating  two 
successive  quadrqmles 


to  continuous  and  smooth  variations  of  these  quantities  with  r. 
they  can  be  characterized  by 


whkfameanthatsinp/Zvaries  withy  to  power  Oa-foiq- 1  by 
virtue  of  (2)  and  p*average  with  y  to  power  oq>,  close  to 
since  P  -  Lc.  The  hope  was  to  be  able  to  reduce  p  with  the 
distance  along  the  hnac  and  simultaneously  limtt  the  mcrease 
of  (he  P-functions.  This  comes  from  the  observation  [2]  that 
emittance  dilution  due  to  chromatic  effects  decreases  when  a 
increases  from  0  to  1.  while  the  blowiqi  due  to  wdce  fidds 
favours  a  »  0.  Since  wake  fields  dominate  in  the  first  part  of 
the  linac  and  chromaticity  rises  with  energy  if  the  focusmg  is 
not  relaxed,  there  must  be  an  optimum  babnce  between  these 
two  effects  thm  depends  on  the  choice  of  Oa  and  otq  for  the 
linac  considered.  In  CLIC  (30  GHz,  80  MVfo),  we  found 
such  a  balance  for  aa  ■  0.3  and  Oq  «  0.6.  This  means  that  p 
decreases  gently  from  die  initial  959  with  a  =  0.2  (Eq.  (1)), 
while  p-average  rises  with  y  to  power  0.4  about,  instead  d 

Vt  (Rg- 1). 


Rg.  1:  cue  Twiss  functions  with  scaling  of  Eq.  (3) 


aniriies  that  a  moduhttion  of  p  requires  different  scaling  laws 
fat  f  mile.  Having  found  that  constant  focusing  ig)  to  a  given 
energy  frtilowed  with  a  scaling  according  to  (1)  with  a  s  i 
pves  no  inqnoveniem  in  emittance  control  with  reflect  to  the 
•^•law  for  P,  we  decided  to  try  indqiendent  scalings  of  the 
c^  lengtii  2Lc and  focal  distance/[3].  Giving  the  preference 


n.  CHOICE  OF  INJECTION  ENERGY 

Raising  the  injection  energy  would  reduce  tiie  wake-fold 
impacts  while  increasing  the  {ue-accelaation  cost  But 
acceleration  is  necessary  between  die  damping  ring  and  the 
linac  owing  to  the  need  for  bunch  compression.  Therefore,  the 
injection  energy  will  only  be  known  after  a  detailed  study  of 
the  bunch  compressors,  but  a  first  guess  nuiy  come  from  the 
simple  arguments  given  below. 
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At  dM  exit  of  the  3-OeV  daminiis  ring  [4],  the  bunch 
tafih  Of  and  eoeigy  yead  ag  aie  ibout  12  mm  mid  1  J%a^ 
whie  at  the  entnooe  of  the  iinac  Ox  ahouid  be  of  the  Older  of 
0.17  mm  and  ag  between  OJ  and  1%,  say.  The  bunch  must 
ten  be  compressed  by  a  factor  -  13  and  this  would 
to  an  energy  qaead  close  to  2%  in  a  one-stage 
compressor.  Accelerating  the  beam  to  9  GeV  would 
subsequent!^  reduce  ag  by  a  factor  3,  to  about  0.63%,  i.e. 
withni  the  interval  assumed  to  be  tolerable.  However, 
0£  >  2%  at  the  mid  of  such  a  compressor  would  enhance 
chromatic  effects  and  it  might  be  better  to  have  two 
compressors  of  a  CKtor  3.6  with  intermediate  acceleration  to 
9  OeV.  Thereby,  ctg  would  never  exceed  0.63%  in  the 
compressors.  More  studies  are  required  to  define  both  the 
numbmr  d  stages  and  the  tolerable  (in  view  of  emittance 
preservation)  energy  spread  at  injection;  however,  it  seems 
today  that  the  injection  energy  should  be  about  9  GeV  rather 
than  3  GeV,  as  previously  selected. 

ni.  MASTERING  OF  BEAM  TRAJECTORY 

Since  the  kicks  on  the  trqjectory  are  linear  with  the 
misaligrunent  amplitudes  and  the  correction  is  obtained  by 
moving  quadnqxiles,  a  single  one-to-one  correction  should 
converge  to  the  same  final  trajectory  independmidy  of  the 
initial  size  d  the  quadnqmle  displacements.  Nevertheless,  if 
the  numerical  model  in  the  simulations  is  not  perfect,  and  if 
real-life  inaccuracies  in  the  correction  setting  or  quadrupole 
jitter  are  included,  the  quality  of  the  correction  depends 
weakly  on  this  initial  size.  In  order  to  remedy  this  dependence, 
the  possibility  to  iterate  the  one-to-one  correction  as  many 
tunes  as  required  has  been  added  in  the  main-linac  tracking 
program  [3].  This  procedure  tends  to  realign  the  quadrupoles 
with  the  beam,  towards  the  linac  ideal  line. 

Since  the  wake  fields  are  strong  in  CLIC,  it  is  inqiortant  to 
have  beam-position  monitors  associated  with  the  cavities 
rather  than  with  the  quadrupoles.  The  present  idea  consists  of 
insialling  these  monitors  at  the  of  each  girder  (about 

1.3-m  long)  supptuting  four  accelerating  sections.  The 
additional  information  acquired  between  quadrupoles  can  be 
exploited  for  the  correction,  while  keeping  the  idea  of  local 
correction.  It  is  only  a  matter  of  determining  every  correcting 
kick  by  minimizing  all  the  trajectory  deviations  measured 
downstream  but  only  as  far  as  the  next  quadrupole,  ix.  the 
fimctioa 

S  fWi-TT*/!  •  w 

J<i<J+A  ) 

where;  is  the  quadrupole  index  and  i  die  monitor  index.)}-and 
dz;  are  the  focal  length  and  the  quathupole  disidacement  that 
reduce  the  average  bunch  position  (x),-  at  all  monitors 
bmween  quadrupoles  j  and  J-fl.  b,-  is  the  transfer  coefficient 


from  quathrupoie;  to  monitor  I  (sepHtted  by  a  distance  fi  and 
an  energy  difference  Ei  _  Ej), 


generalized  to  include  the  wake  fiekb  [3].  The  solution  which 
annuls  the  derivatives  d  O  with  respect  do  dxy  and  therdiy 
iwitiimiaftit  4b  can  be  wrhten  as  follows,  once  the  etion  on  the 
monitor  signals  £m,i  and  on  the  quadrupole  displacements 
are  included 


This  algorithm  aims  at  reducing  the  deviations  in  all  die 
cavities  rather  than  centring  the  bernn  in  the  next  quadnqnles 
and  rdaxing  the  cavity  ttteances  at  same  performance. 
Combining  the  iteration  procedure  with  te  one-to-few 
algorithm  described  above  allows  a  trajectory  reduction  by 
almost  three  orders  d  magnitude  after  two  itmatioos  (Fig.  2) 
and  a  realignment  of  the  quadrupoles  on  the  beam  path  within 
less  than  3  pm  rjn.s.  (Fig.  3),  starting  from  30  pm. 
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Rg.  2:  Tnuectory  reduction  after  two  iterations 
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Rg.  3:  Redacikm  of  quKtnipole  scattering  after  two  iioa^^ 
of  the  coneciion 


IV.  RESULTS  AND  CONCLUSIONS 

Emittance  (filution  cakuiatioiis  have  been  cmkd  out  for 
the  cue  main  Unac  with  SOO-GeV  centre  of  mass  [6]. 
Adopting  the  indqioMlent  scaling  of  Section  I  (with  >  03. 
Oq  «  0.6)  instead  of  the  ^jy~law  gave  a  vertical  btowap 
reduction  of  33%.  all  other  parameters  being  constant. 
Another  gain  of  25%  came  from  laishig  mjection  energy  fiom 
S  to9  GeV  (Section  II).  The  correction  of  the  trajectory  used 
iterations  when  needed  and  the  one-to-few  method  described 
m  Section  m.  All  these  in^Kovemeno  have  been  made  with  a 
view  to  rdaxing  the  al^fnment  uderances,  while  aiming  at 
normalized  emittances  of  l.Spradm  horizontally  and 
03  pradm  vertically  as  requited  by  the  pmformanoe  [6].  The 
rjnjs.  qnadtupole  misalignments  are  limited  to  SO  pm.  not  by 
the  correction  e^iency.  but  by  the  trajectory  excursion 
(E^ig.  2  lop)  in  cavity  irises  with  4>mm  diameter.  An  rjn.s. 
spread  of  10  pm  in  cavity  posttions  is  tolerable  with  position 
mnnho”  in  from  of  every  girder.  By  contrast,  these  monitors 


whiefa  de&ie  the  beam  path  have  lo  be  al«ned  widths  2pm 

r  AS.  Starting  from  enhances  of  1 3  piad  m  and  0.05  pad  m 
at  liimc  mjection.  dilatian  reaches  on  average  (statfrtics  over 

eigbt  macynes)  20%  horizomaDy  and  a  foctor  four  vertically 
(Fig.  4).  giving  emioances  at  die  linac  exit  in  agieemem  whh 
the  targm  values.  It  was  checked  also  ttat  tolerances  of  the 
mder  of  0.5  pm  for  the  restdution  and  jUier  of  tpadnrpole 

displacmneots  do  not  maease  the  emittance  dilittion  by  more 
than  -  10%.  These  results  show  that  we  progressively 
succeeded  in  relaxing  uderances  while  keeping  constant  the 
emittance  target  values. 


Fig.  4:  Horizontal  and  vertical  emittance  dilution  with  new 
independent  scalings 
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Decoherence  and  Recoherence  of  Beam  in  Phase  Space 
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AMraet 

QAaf  tb«  paitid*  distiibatiioa  in  pknM  tpnee,  «•  in- 
trodw*  n  b«w  nMinMkdi  to  stuAf  the  deedMieace  and  fe> 
ooheienoe  of  a  kidad  beam  when  betatron  tnnea  are  far 
from  aaqr  resonance.  this  method,  the  decoherence 
and  the  recoherenoe  of  a  beam  can  be  anatyaed  easily  in 
both  2-dimeMional  and  4-diinensional  cases  with  any  form 
of  the  tone  spread.  have  also  studied  the  decoherence 
of  a  beam  initiaQy  topped  in  a  resonance  island.  Due  to 
the  tune  modulation,  t^  separatriz  of  island  deudops  a 
chaote  layer  and  paitides  witlun  the  idand  can  drift  out 
of  the  idand  along  the  layer.  Conaequmtly,  the  beam  de¬ 
coheres  gradually.  The  rate  of  decoherence  is  shown  to  be 
proporttonal  to  the  modularion  amplitude.  As  a  ftwction 
of  the  modulation  frequency,  it  readies  a  peak  near  the 
tune  of  tr^iped  partides  bdue  deereaaiag  to  aero. 

I.  DECOHERENCE  IN  THE 

neaRpLinear  regime 

In  the  presence  of  amplhode  dependence  of  betatron 
tunes  (tune  spread),  an  off-centered  beam  will  gradually 
dilute  from  a  localhsed  bunch  to  an  annulus  in  transverse 
phase-space  which  results  in  a  disappearance  of  coher¬ 
ent  sqpiaL  Due  to  a  finite  energy  spread,  the  beam  may 
also  oscillate  between  the  localiaed  bunch  and  the  annulus 
whidi  results  in  a  periodic  oscillation  of  the  coherent  sig- 
naL  These  decoherence  and  recoherenoe  of  a  Iddsed  beam 
have  been  studied  ezperimentaffy  as  wdl  as  analytkally 
(1,2].  Previous  studies  based  on  a  sin^e-partide  picture 
were  however  limited  to  quadratic  amphtude-depcauleace 
of  the  tunes,  ^oe  the  decoherence  and  recoherence  ate 
baskalfy  multipartide  phenomena,  a  mote  suitable  as  weQ 
as  easier  description  should  be  based  on  a  study  of  the 
partide  distribution  in  phase  space.  In  this  note,  we  shaD 
introduce  this  ^itfoach  to  study  the  decoherence  and  re- 
odiaenoe.  l^tii  our  method,  these  phenomena  can  be 
analyzed  in  both  2  and  4-dimensional  cases  with  aiqr  fnm 
of  ampGtude  dependence  of  the  tunes. 

In  general,  the  Hamfltonian  of  d-dimenrional  betatron 
oscillatHma  can  be  written  as 

,  (1) 

iHime  SE  (i/|,s^)  are  betatron  tunes,  d  the  indepen¬ 
dent  vatilble  whidi  is  the  path  length  of  the  central  or¬ 
bit  divided  by  the  average  madiine  radius.  (/,^  = 

*8aniartad  by  TNRLC  ander  nmd  FCFY9221  sad  the  US.  De- 
pertaast  at  Eauigr  ender  grut  DE-FG05-87ER40374. 


(/l.di  •  •fsids)  are  action-angle  variaUes: 

^Sj^cosds  »  (2) 

^2Jaaindh  =  +  (2) 

where  k  s  1,2  and  (zi,xt)  denote  (z,ir).  Ut(f)+U {/,$,$) 
repreaenta  the  nonfinear  perturbation  of  wUdi  Utif)  de¬ 
pends  on  /  only  {U)f^  —  0.  The  transverse  distribu¬ 
tion  of  the  beam  partide  satisfies  the  equation 

^  =  (4) 

where  ( ]  is  the  Poisaon  bracket.  Since  the  time  scale  we 
are  interested  in  is  nmdi  diorter  than  the  diffusion  time 
scale,  as  betatron  tunes  are  br  from  any  major  resonance, 
we  consider  Ua  only  and  Eq.  (4)  is  reduced  to 


The  sblution  of  this  equation  is  easily  found  to  be 

=  (6) 
where  /r(/<d?0)  is  the  initial  dwtrilmtion  and 

(7) 

the  qmdirotcon  motion  is  assumed  to  be  liaear, 

(8) 

where  ( is  duomatidty,  the  action-angle  variable 

for  syndirotrem  motion,  and  v,  the  synchrotron  tune,  and 

*  -  (s)  *  "  (x)  (9) 

Let  denote  the  beam  partide  distribution  in 

the  longitudinal  phase-space.  The  beam  centroid  can  be 
calculated  from 


P{T)dT 
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*  e”*****y  exp  fi{Ji.t4i)dIi^i 

X  j >/5*«xp[-i^^*  +  #^)j/r(/.^0)i/j;,  (10) 

eriwre  k  » 1,2. 

Aaenme  that  initially  the  beam  haa  a  Gaaanan  die- 
tiibntion  erith  ha  ceatimd  located  at  » 

tile  tnaaveiae  phaae  apace, 

MllO)  =  /i(Ji.^)/,(7a.da),  (11) 

iHiete 


the  beam  centioid  ia  foond  frun  Eti.  (18)  aa 

_ _ _ _ 

'  (l  +  («i6*#)»l[l  +  (ojM)>l*^ 


xeq> 


{- 


•hkir^k^)* 


)*  /ei(<rih,»)«  ] 

l  +  («iM7  1  +  («^M)*J 

(|M)}exp(-<^e*),  (18) 


where 


^•*(8)  =  dek +  *%*•  + 2tan*'*(h*o28)  +  tan“*(6,<rj8) 

Jkkkifi  JkihtS 

i+(^W  i+T^W’ 


(19) 


A(Jk,dk)*^  (12) 

X  exp  [j*  +  Ja*  -  2VJek<^fcCoa(dfe  -  dee)] | , 


V^Joacoedek  =  ^k/V^i  (13) 

V^Jektiadok  =  —V^^k  +  0k^k/  (14) 

wHh  h  =  1,2.  We  also  asanrne  that  the  beam  haa  a  Gaa»- 
sun  ^atribntion  in  the  loniptn^nal  phaae-apace, 

A(*.0t)=j;^=p(-^).  (15) 

Snbatitntion  of  Eqs.  (11)-(15)  into  Eq.  (10)  yielda 


-■*(dek  +  n»kd)  - 


(16) 

where  /•  and  Ii  are  modified  Beaael  fonctiona  of  order  0 
and  1  reapectiTely.  (ik,i)  is  ai^  permutation  of  1  and  2. 
After  knowing  the  amplitnde  dependence  of  the  betatron 
tnnes,  the  time  evolution  of  beam  centroid  can  be  obtained 
by  integrating  Jk  and  Jj  in  Eq.  (16)  analytically  or  nu¬ 
merically. 

If  we  consider  only  the  lowest-order  amiditude  depen¬ 
dence  of  the  tunes: 


and  (k,  j)  is  any  permutation  of  1  and  2.  The  amplitudes 
of  the  beam  centroid  ate  thus 


Aa(d) 


_ V^Jiik _ 

[l  +  (<iM)»l(l  +  (nf6,d)»]*/* 


xexp 


/  •^»*(^***^)*  Jai(«yi*»d)*  1 

\  l  +  (‘^M)»”l  +  (<^M)»/ 


(20) 


If  e^Uk/dJidJk  =  0,  Le.  the  betatron  tnnes  are  inde¬ 
pendent  of  /,  we  have 


M  (d)  fAk  (0)  =  exp  «“* 

Eq.  (21)  ahowB  that  the  coherent  signal  sloe^  oscillates 
with  the  frequence  ofthe  tune  modulation  Us.  Thesmalleat 
coherent  si^al  occurs  at  l/(2x,)  turns  with 

<“> 

After  eadi  \/v,  turns  a  coherent  signal  with  originai  mag¬ 
nitude  reiqipears. 

For  fiUo/dJjdJk  ^  0,  Eq.  (20)  describes  the  decrease 
of  magnitude  of  the  coherent  sig^  due  to  a  finite  tune 
spread.  It  shows  that: 

1.  The  rate  of  this  decrease  is  independence  of  v,. 

2.  The  larger  the  amplitude  dependence  of  the  tnnes 
and  the  transverse  beam  size,  the  larger  the  rate. 

3.  Since  the  oscillation  part  of  Ak  has  a  period  of  l/i^a 
turns,  for 


+  ^h3<l3i  (17) 


<r2  fiUn 

^  Wf 


«  1, 


and 


fi  ^^9 

V,  djjdJk 


« 1, 


(23) 
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the  tnt  mhiinmm  of  >1*  i*  uoniid  0  m  wfv.  Mid  the  next 
MOTiwMM.  |g  woluid  9  s  2«/va.  The  xaiki  of  the  next 
iwOThnitin  Mid  fint  miniinnin  is 

Mjmin  [v9  +  (2x^he)>]  (vj  + 


^  ****  I  M + W + (»‘i*k)*l 

37>i(xy,<rjh»)*  1 

[i^  +  (2»«rJ»s)*]  [i^  +  (»<r|6«)>]  v}0l  J  ’ 


(24) 


H  this  ratio  is  larger  than  1,  a  ireaker  coherent  signal  ariU 
te^ipear  after  1/v,  turns. 


n.  DECOHERENCE  OF  BEAM  IN  A 
RESONANCE  ISLAND 


Consider  a  beam  kidted  into  a  resonance  itlaad.  If  this 
tesonaace  is  isolated,  and  there  is  no  tone  modulation,  the 
beam  will  be  tn^ip^  inside  the  island  "forever”.  \i^th 
a  tune  modulation,  the  sepaiatrix  of  island  develope  a 
diaotk  lagrer.  Particles  within  this  chaotic  layer  will  even¬ 
tually  drift  out  of  the  island  along  the  layer.  Consequently, 
the  beam  decoheres  gradually.  Fbr  a  beam  kudsed  into  the 
ndghborhood  of  the  diaotic  layer  (part  of  beam  overlap 
with  the  layer),  more  particles  will  drift  out  of  the  island 
once  the  la^  becomes  wider.  If  the  drifting  speed  of  par- 
tides  is  assumed  to  be  uniform  within  the  diaotic  liQfer, 
the  rate  of  decoherence  of  the  beam  is  proportional  to  the 
width  of  the  diaotic  layer.  Therefore,  by  estimating  this 
width,  the  decoherence  rate  of  a  beam  in  the  island  can 
be  understood  at  least  semi-quantitatively.  Here  we  only 
consider  the  motion  in  x-x'  plane. 

As  we  consider  a  nth-order  resonance,  nwg  =  k,  the 
Hamiltonian  can  be  written  as 


Ho  =  SvJ  +  UoiJ)  +  UiiJ)  coe(nd  +  do),  (25) 

where  Sv  =  v  —  uo,  ^  u  ^  phase  constant,  and  (J,d) 
the  action-angle  variable  of  (x,x').  The  tune  modulation 
Sv  =  6vo+D  cob{v,9)  is  treated  as  a  periodic  perturbation. 


4  6  8 

(nv.)/(nMo) 


10 


Figure  1:  A  as  a  fonctioa  of  v,. 


where 


Ho-<4 

Wn  = - — 


As 


W  = 


2itv,D 


ntJo  cosh  (xi/«/(nMs)]  * 
The  width  of  the  chaotic  layer  is  [3] 

2irt^D 


A  =  JkXW  = 


nu)o  cosh  \itv,l{nuo)\ ' 


(29) 


Eq.  (29)  shows  that : 

1.  The  width  of  the  chaotic  layer,  that  is,  the  rate  of 
decoherence  is  proportional  to  the  modulation  depth  D. 

2.  A  takes  the  fnmmnm  value  at  the  modulation  tune 
whidi  is  the  solution  of  the  equation. 


=  2coth 

nuo 


(30) 


H  =  +  Dcosiv,9)]J  +  Uo(J)  +  Ui{J)coe(n^  +  do) 

=  Ho  +  JDcoe{v,9)  (26) 

Near  the  resonance,  the  Hamiltoiiian  can  be  expanded  with 
(7  —  Jr)  where  Jr  is  the  value  ot  J  for  the  resonance.  Let 
t  =  nd,  r  =  USiJr)(J  -  Jr),  >4  =  -US(Jr)Ui(Jr),  d  = 
nd  +  do,  nnd  tr  =  JrUo(Jr),  the  new  Hamiltonian  is  then 

B(r,il>,t)  =  |r*-w2cood  +  i?(rr  +  r)coe(^t) 

=  Ho  -I-  D(rr  -I-  r)  cos  (^t)  .  (27) 

This  is  the  Hamiltonian  for  the  pendulum  with  a  periodic 
driving  force.  The  motion  in  a  vicinity  of  the  separatrix 
can  be  described  by  the  whisker  miq>  (3], 


/  Wn+i  =  to„  +  H''smd« 

\  d»+i  =  di.  +  Aln(32/|w„+i|) 


(28) 


C  ^  \US{Jr)Ul(Jr)\^  .  (31) 

W  1C 

3.  For  Vg  «  1,  A  oc  i/J.  Fbr  i/,  -»  oo,  A  — ►  0  (see  Fig. 

1). 
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Atmm 

Wd  pnseat  a  siiople  aaalytical  model  of  emittance 
gpowdi  cauMd  by  nonlmear  space-charge  forces  using  a 
laaUaar,  panteUc-denstty  beam.  The  model  allows  us  lo 
expfariB  a  surprising  and  important  result  that  space-charge- 
inAiced  eariimnce  growth  is  larger  in  the  pl^  with  the 
huger  semi-axis. 

I.  INTRODUCTION 

We  consider  a  model,  which  describes  the  process  in  a 
Aon  drift  space,  in  which  the  particles  expmience  a  space- 
charge  impulse,  but  do  not  propagate  far  enough  for  their 
poridons  to  chmigB  appiedaUy.  the  spatial  distribution 

is  assumed  to  remain  unchang^  as  the  beam  propagates.  We 
consider  a  continuous  beam  of  elliptical  cross  section. 
prapagMmg  in  the  z  direction.  The  horizontal  semiaxis  is  a 
and  the  vertical  sOniaxis  is  b.  The  beam  cunem  is  given  by  I 
a  qNiv,  where  q  is  the  charge  per  particle,  v  is  the  be^ 
velocity,  and  Ni  is  the  number  of  particles  per  unit  length.. 

Fou  an  assumed  particle  density  n(x,y),  Poisson's 
equation  provides  the  basis  fw  obtaining  the  space-charge 
field  coiqKMiei^  (assuming  nonrelativistic  beams  and 
ignoring  magnetic  forces).  The  sotution  for  the  electric-field 
camponenis  fiom  a  dutrONition  vrith  dliptical  symmetry  has 
been  given  by  Sariieter^.  If  the  density  function  has  the  fcrnn 


where  L  is  the  length  of  the  drift  qiaoe.  The  inqwlse  can  also 
be  expressed  as  a  change  in  the  divergence  angle,  given 
nonrAuiviAically  in  the  paraxial  tqiproximation  by 


where  m  is  the  mass  Of  the  bemn  particles. 

Suppose  the  initial  beam  is  idmtlized  by  assuming  die 
puticle  distribution  is  described  by  a  suaight  line  in  phase 
space,  given  by 

x'o  =Aia.  . 

a 

The  ims  emittance  is  defined  as 


If  the  final  second  moments  of  the  particle  distribution 
can  be  evaluated  from  the  esqiresrion  for  X  and  x' .  the  final 
rms  emittance  can  be  obtained.  The  positions  are  assmned  to 
remain  fixed  so 


n(x.y)  =  n^'^+'^j  . 

the  X  and  y  conqxxients  of  die  field  are  given  by 


From  the  fidhl  components  the  transverse  momentum 
impulse  can  be  calculated  as  a  function  of  position.  This 
re^ts  in  a  new  phase-space  distribution  (changed  in 
momentum  spate),  and  a  new  rms  emittance.  For  the  x  {dane 
the  change  in  the  momentum  coinponent  is 


Work  nmported  in  part  by  Lot  Alamos  National  Laboratory 
httitutieoaT  Supporting  Researches  under  the  auqiices  of  the 
Unitwl  Stales  D^artmem  of  Energy. 


The  final  divergence  is 


=  A^  +  3Eiil. 
a  mtr 


To  go  furthm,  we  need  to  specify  the  transverse  qwtial- 
density  distribution.  The  uniform  density  bemn,  which  gives 
a  linem  defocusing  space-charge  force,  leads  to  defocusing 
effects  with  no  rms  emittance  growth^.  The  parabcdic-density 
beam  leads  to  a  nonlinear  qxice-charge  force,  and  growth  of 
the  rms  emittance. 

II.  PARABOLIC  DENSITY 
ELLIPTICAL  BEAM 

Suppose  that  the  density  is  parabolic,  givmi  by 


n(x.y)  =  - 


X*  V*  1 

L  *  y 
*  L  ®  . 


within  die  boundary  (rf  the  rilipse  defined  by 


2  2 
*  y  , 

-T+7T  =  1. 


Outside  the  ellipse,  die  density  is  assumed  to  equal  zero. 
In  this  section  we  will  treat  the  problem  in  the  x  plane;  the 
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Yidm  iMolt  cm  be  obttuied  in  a  similar  way.  The  x 
ooB^wneai  of  te  dectric  field  is  given  by 


The  ini^inl  Ix  can  be  evaluated  to  obtain  the  expression  for 
thefield.^ 

The  X  Goofxnent  of  the  qiiaoe-chaige  eiectfic  &ld  is 


Figure  1.  Ex(a,0)  and  Ey(04>)  in  relative  units  versus  ellqtse 
aspect-niio  a^  for  the  parabolic-density  distribution. 


E, 


..m. 


*  ir® 

(2a-»-b) 

-xy* 

1 

a(a-*-b) 

3a^(a+b)* 

ab(a-»-b)*^J 

By  symmetry,  the  y  conqwnent  is 


KCo 


y  V* 

(2b-t-a) 

-yx^ 

1  1 

b(a-fb)  ' 

3b’(a-i-b)* 

ab(a-»-b)*  j 

Now  coosidtt  the  effect  of  the  coiqding  tcm  fiv  Ex- 
•  FOr  anv  X  vdue,  the  y  value  ranges  from  -b(l-x2/a2)l/2  to 
-t-bfl-xT/a^^^.  The  minimiun  ^ue  of  Ex  coneqxmds  to 
y^sb^l-x^A^),  and  the  maximum  value  of  Ex  occurs  when 
y^sO.  These  limiting  curves  are  plotted  versus  x/a  in  Hg.  2. 
We  see  that  the  coiq>ling  of  the  y  coordinate  into  the  x  field 
ctunponent  results  in  a  range  of  Ex  values  for  any  x 
‘  coordinate. 


The  field  components  contain  a  linear  term,  a  cubk: 
term,  and  a  coupling  term  that  depends  on  both 
coordinatesJFor  the  uniform  density  case,  we  have^ 

E.(a.0)  =  E,(0.b). 

For  the  parabolic  density  this  result  is  not  true.  Instead, 
we  have 


and 


E.(a.O)  = 


Ey(0.b)  = 


2qN, 

■  2-»-b/a  1 

nco(a-Hb) 

3(l-»-b/a)J 

2qN, 

!  2b/a-n'| 

iteo(a+b) 

L  3(l  +  b/a)J 

Curves  of  Ex(a,0)  and  Ey(0,b)  in  relative  units  versus 
the  ratio  a/b  ate  shown  in  Fig.  1.  We  see  from  the  curves 
that,  altho^  these  freMs  are  not  exactly  equal  excqM  whm 
the  beam  is  round,  they  are  within  about  20%  over  a  laige 
range  of  a/b;  thus  these  electric  field  components  are 
gtmerally  comparable  in  magnitude.  We  will  see  lato^  that 
this  tqiproximate  symmetry  affects  the  scaling  of  emittance 
growth  with  beam  size. 

fri  the  round  beam  limit  one  obtains 


Figure  2.  Ex  vosus  x/a  for  a  parabdic-density  beam.  The 

curves  corresponding  10  y=0  and  ±bVl-x^/a^  define  the 
maximum  and  minimum  values  of  the  space^harge  electric 
field. 

The  space-charge  kick  in  the  x  plane  produces  a 
divergence  change,  which  dqiends  on  both  x  and  y.  The  final 
divergence  can  be  wrinen,  using  the  expression  for  die  field. 
The  rms  emittance,  calculated  frmn  the  second  moments  (rf 
the  distribution,  is2 


and  die  round-beam  exjxession  for  Ey  is 


iieob^V  ^ 


The  emittance  expression  fw  the  y  plane  is  obtained  by 
interchanging  a  and  b.  The  first  t»m  corresponds  to  the 
filamentation  effect  caused  by  the  cubic  term  in  the  fidd,  and 
represents  the  rms-emittance  increase  from  the  resulting 
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corvaiqR  in  phase  space.  The  second  term  comes  fiom  the 
coapiing,  Le^  dw  dqiendence  the  x  component  of  the  field 
on  the  y  coofdinate.  which  produces  the  qxeading  of  the 
oiititf  filmnent  The  last  term  is  a  cross  term  between  the 
fHammitatkm  tom  and  the  coiqding  tenn. 

For  the  round  beam,  where  a  «  b,  this  reduces  to 

KL  KL 

"7^*26.833  ’ 


which  is  kidqiendent  of  beam  size.  The  initial  and  final 
phase-space  configuratioas  are  shown  in  Fig.  3.  The 
nonlinearity  has  changed  the  initial  straight  line  into  a 
distiibutioo  with  an  average  curvature,  which  rqxesents  the 
bqmming  of  the  filameniation  process  where  the  phase-^Mce 
distributim  begins  to  bmid.  Of  course  as  time  increases  the 
beam  distributkm  also  changes  and  for  longer  drifts,  this 
must  abo  be  taken  into  account  The  conning  has  pcootnced 
the  qneading  effect  which  changes  the  initid  line  in  phase 
space  into  a  finite  area.  The  ^Heading  is  zero  at  die  ori^ 
and  at  the  edge  of  the  be«n. 


x‘ 


ngure3.  Effect  of  space  charge  fiom  a  parabolic  density  tm 
mi  initial  zero-emittance  beam.  The  initial  and  final  phase- 
space  Astributions  are  shown. 


Figure  4.  Final  rms  emittance  values  versus  ellipse-aspect 
ratio  a/b  for  a  beam  with  pandxilic  density. 

A  closer  examination  of  the  effects  of  the  diffeiem  terms 
in  the  expression  for  e,  can  be  made  by  plotting  each  of 
these  three  tmrms  versus  the  semiaxis  ratio  a/b,  as  shown  in 
Fig.  S.  The  filameniation  term  dominates  for  a/b  >  1.  The 
coupling  or  ^reading  term  dominates  in  the  region  givmi 
approximately  by  a/b  <  0.5.  The  third  or  cross  term  is  never 
the  dominant  tmm.  One  sees  that  the  coupling  tmm  does 
decrease  with  increasing  a/b  when  a/b  >  1,  but  this  occurs 
when  the  dominant  term  is  the  filamentatxMi  term 


in.  DEPENDENCE  OF  THE  RMS 
EMITTANCE  ON  ELLIPSE 
ASPECT  RATIO 


Figure  5.  The  three  terms  in  the  expression  fm  vmsus 
ellipse  aqiect  ratio  a/b. 
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Abstract 


II.  EVOLUTION  CALCULATIONS 


The  nominal  beam  storage  time  in  the  SSC  Collider  is 
24  hours.  During  this  period,  there  are  many  co-existing 
effects  that  have  impacts  on  the  luminosity  —  intrabeam 
scattering,  synchrotron  radiation,  pp  collisions,  beam-gas 
scattering  and  beam  collimation.  A  computer  program  has 
been  written  which  takes  these  effects  into  account  simul¬ 
taneously,  and  calculates  the  emittances  and  luminosity  as 
a  function  of  time.  These  evolution  curves  are  compared 
for  different  operation  scenarios  (i.e.,  different  initial  condi¬ 
tions  of  the  beam  current,  emittances,  and  beam  ener^es.) 

I.  INTRODUCTION 

The  luminosity  profile  during  the  24-hour  or  so  colli¬ 
sion  period  in  the  SSC  Collider  is  an  important  issue  that 
needs  to  be  carefully  studied.  The  luminosity  is  a  function 
of  a  number  of  parameters.  Among  them  are  the  number 
of  particles  per  bunch  (M>),  the  beam  emittances  ((.,  Cy 
and  e^),  and  the  reduction  factor  (A)  due  to  the  crossing 
angle.  These  parameters  vary  with  time.  The  number  of 
particles  will  decrease  due  to  beam-beam  collisions,  beam- 
residual  gas  collisions,  and  beam  collimation.  The  beam 
emittances  will  be  damped  by  the  synchrotron  radiation, 
but  will  be  blown  un  by  intrabeam  scattering,  beam-gas 
scattering,  collective  instabilities  and  external  perturba¬ 
tions  (e.g.,  ground  motion  and  power  supply  ripple).  The 
reduction  factor  (A)  is  a  function  of  the  beam  emittances. 
This  picture  is  further  complicated  by  the  fact  that  the 
emittance  growth  rates  due  to  some  processes,  such  as  in¬ 
trabeam  scattering  and  pp  elastic  collisions,  a^e  by  them¬ 
selves  evolving  with  time. 

In  order  to  model  the  luminosity  evolution  accurately,  a 
computer  program  is  written.  Based  on  the  best  knowl¬ 
edge  that  we  have  about  the  complex  processes  that  will 
occur  during  the  beam  storage  time,  the  program  considers 
pp  collisions  (elastic  and  inelastic),  synchrotron  radiation, 
intrabeam  scattering,  residual  g»s  scattering  and  beam  col- 
limation  simultaneously.  It  calculates  the  evolution  of  the 
emittances,  pturticle  numbers,  reduction  factors  and  lumi¬ 
nosity.  It  is  interesting  to  notice  that  the  originally  round- 
shiHF>«d  beam  gradually  becomes  flat  because  of  the  asym¬ 
metric  feature  of  intrabeam  scattering.  The  luminosity 
profile  obtained  is  similar  to  that  of  a  preliminary  study 

[Ih _ 
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A.  Ba»ic  Formula  and  Parameters 


The  luminosity  per  interaction  point  (IP)  is  computed 
from: 


in  which  M  is  the  number  of  bunches  (17424),  /o  the  rev¬ 
olution  frequency  (3.441  kHs)  and  p*  the  beta-function  at 
the  IP.  The  reduction  factor  is  derived  from  the  crossing 
angle 


in  which  are  the  rms  beam  size  in  the  horizontal, 
vertical  and  longitudinal  directions,  respectively.  In  the 
present  design,  there  are  two  high  luminosity  IP’s,  where 
/9*  is  0.5  meters.  The  nominal  full  crossing  an^e  ^  is  135 
/irad.  One  IP  is  horizontal  crosmng,  the  other  vertical. 

The  emittance  is  a  function  of  time: 


in  which  r,be  and  Trad  are  the  emittance  growth  (dzunping) 
time  of  the  intrabeam  scattering  and  synchotrcm  radiation, 
respectively.  The  last  two  terms  are  for  the  elastic  residual 
gas  scattering  and  elastic  pp  collisions  and  will  be  discussed 
in  detail  later. 

The  number  of  protons  per  bunch  decreases  with  time: 

/dAb\  _  £tot»i  /dAb\  (dNb\ 

\  dt  )  total  M  \  dt  /  gas  \  cK  /  others 


in  which  <rinei  is  the  inelastic  pp  cross-section  at  20  TeV 
(100  mb)  and  the  last  two  terms  are  the  beam  loss  due  to 
the  residual  gas  nuclear  scattering  and  other  effects  (e.g., 
collimation). 

B.  Intrabeam  scattering 


The  intrabeam  scattering  in  the  SSC  has  been  studied 
elsewhere  [2].  The  growth  times  in  the  three  bunch  dimen¬ 
sions  are  given  below  [3]: 


Ti  ~  tTxp  dt 
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where  h  is  Planck’s  ccMistant  and 


1 

»»  ■ 
with 


A  =: 


=  “«  + 


■^+— 

'J.  ’}> 


64irV,<r,f*<jy* 


‘^.s  = 


'•0jt0 


The  brackets  doaote  the  average  over  the  whole  circumfer* 
ence.  The  function  /  era  be  found  in  Ref  [2].  Hie  other 
quantities  are:  r,  =  classical  proton  radius,  c/  s  veloc¬ 
ity  light,  7  =  relativistic  parameter,  Dg^  =  dispersion 
functions,  at  =  rms  bunch  length,  Cp  =  rms  relative  energy 
spread  and  d  =:  impact  parameter  «  min{as,Op). 

It  should  be  pointed  out  that  what  is  computed  here 
are  the  growth  times  of  the  beam  amfliiuies.  They  are  a 
factor  of  two  greater  than  the  growth  times  of  the  beam 
emittanct. 


C.  Synchrotron  Radiation 

The  energy  lost  by  a  20  TeV  proton  in  the  SSC  due  to 
synchrotron  radiation  is  0.126  MeV  per  turn.  The  damping 
time  for  energy  oscillations  works  out  to  be  12.81  hours 
at  the  nominal  circulation  frequency  of  3.441  kHz.  Over 
the  24  hour  beam  storage  time  of  the  SSC,  this  allows  for 
two  e-foldings  in  the  longitudinal  emittance.  The  damping 
partition  numbers  for  the  collider  are  =  Jy  =  1,  and 
Jt  —  2,90  that  both  the  horizontal  and  vertical  transverse 
emittance  would  also  suffer  two  e-foldings  in  a  24  hour 
period  [4]. 


a0,  =  = 


Ec, 


het 


For  colliding  proton  beams  with  Ee.m.  =  20  TeV  rad  or  » 
130  mb  [5],  one  finds 


o#,  =  v/<  d|  >  =  6.9  prad. 


E.  Elastic  Residual  Gas  Scatteriny 

Following  the  iqiproach  set  forth  in  Ref  [6],  we  have  that 
the  scattering  an  ultrsrrelativistic  proton  beam  from  the 
residual  gas  produces  an  average  emittance  growth  rate  of 

where  is  the  average  ^function  (180  m),  E  is  the  energy 
of  the  proton  beam  (20  TeV),  e  is  the  elementary  unit 
of  charge  (esu),  and  the  summation  index  r  labels  sf  emic 
(not  molecular)  species  present  in  the  residual  gas,  with  Zt 
the  atomic  number,  Or  the  orbital-dectrcm-shidded  atomic 
“radius” ,  Hr  the  atom’s  nuclear  “radius” ,  rad  nr  the  to¬ 
tal  number  per  unit  volume  of  this  type  of  atom  which  is 
present  in  the  residual  gas. 

Partial  pressures  (as  normalized  to  0*C)  of  residual  gases 
in  the  SSC  Collider  are  projected  to  be  8  x  10~^  torr  of 
Hj,  10“^®  torr  of  CO,  rad  2  x  10“*^  torr  of  CO2  [7].  We 
now  assume  that  for  all  the  atomic  types  involved  (H,  C, 
and  O)  we  may  take  ln(ar/Ar)  »  ln(10®)  =  11.5.  With 
these  assumptions  we  obtain, 

^  w  4.2  X  10-*^  m/s. 
at 


F.  Particle  Loss 


D.  Elastic  Proton-Proton  Scattering 

The  contribution  to  transverse  emittance  growth,  for 
one  degree  of  freedom,  resulting  from  proton-proton  elastic 
scattering  is  given  by 


dcg 

dt 


ATb/o 


•  <r0\  <9l> 


(per  IP) 


In  this  expression  o-ei  is  the  proton-proton  elastic  scatter¬ 
ing  cross-section,  and  \/<  9\  >  is  the  rms  value  of  the 
pp  elastic  scattering  angle  in  the  center  of  mass  system, 
which  is  projected  onto  the  transverse  z-direction.  A  sim¬ 
ilar  expression  occurs  for  the  transverse  p-direction.  The 
integrated  and  center-of-mass-system-differential  pp  elas¬ 
tic  cross-sections  are  approximately  related  to  the  total  pp 
cross-section  by  the  formulae, 

(Tel  «  (1/4)«tt, 


and 


/datA\ 

\  dSl  Jc.m. 


The  main  causes  of  particle  loss  are  the  nuclear  interac¬ 
tion  between  the  proton  beam  and  the  residual  gas,  rad 
the  inelastic  pp  collisions  at  the  IP’s.  For  the  former,  one 
era  define  an  equivalent  luminosity  as 

Cgg,  =  NbMcf  TJH,  =  1.2  X  10®®  cm”®s“* 

in  which  nuj  =  3  x  10®  cm~®  is  the  density  of  the  residual 
Hj  in  the  beam  vacuum  and  Nb  =  0.75  x  10*®.  From  the 
measured  data  of  other  laboratories  (BNL  and  CERN)  it 
is  known  that  heavy  species  in  the  residual  gas  (CO  rad 
CO2)  make  a  significant  contribution  to  the  particle  loss. 
Therefore,  the  value  of  above  is  multiplied  by  a  factor 

of  3  in  the  calculations  [8].  Other  causes  of  particle  loss 
are  beam  collimation,  collective  beam-beam  interactions, 
and  noise  in  the  RF  system.  They  account  for  about  10% 
of  the  total  particle  loss. 

III.  RESULTS  AND  DISCUSSION 

A.  Initial  Conditions  and  Evolution  Curves 

The  initial  conditions  of  the  baseline  design  are:  C  = 
1 X 10®®  cm-®8-*  per  IP,  Nb  =  0.75 x  10*®,  7  =  21315.8  (20 
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storage  time  [hours] 

Figure  1.  Evolution  curves  for  luminosity,  number  of  pro¬ 
tons  per  bundi,  and  horizontal  and  vertical  emittances. 
Parameters  used  are  for  baseline  design. 

TeV),  the  n<»malized  transverse  emittances  esm  =  = 

10~*  m-rad,  (r*  =  6  cm,  Op  =  0.58  x  10“'*.  The  evolution 
curves  ate  diown  in  Fig.  1. 

•  The  luminosity  curve  first  rises  because  the  emittances 
decrease  due  to  qrnchrotron  radiation.  It  reaches  a 
peak,  and  then  drops  because  of  particle  loss  and  in¬ 
trabeam  scattering.  This  feature  is  qualitatively  sim¬ 
ilar  to  that  in  Ref  [1]. 

•  The  transverse  emittance  in  the  c-direction  gradusdly 
becomes  larger  than  that  in  the  p-direction.  This  is 
because  the  average  dispersion  function  Dg  (1.5  m)  is 
much  bigger  than  Dp  (which  is  virtually  zero).  Thai 
results  in  different  intrabeam  scattering  growth  rates 
in  X  and  y.  Therefore,  the  round  beam  will  become 
flat.  After  24  hours,  the  aspect  ratio  is  about  2.4  to 
1;  after  50  hours,  5.7  to  1. 

•  The  transverse  emittances  converge  toward  equilib¬ 
rium  values  where  damping  effects  are  balanced  by 
antidamping  effects. 

B.  Different  Operational  Scenarios 

The  Collider  may  be  operated  under  different  initial  con¬ 
ditions  for  various  reasons.  Fig.  2  is  for  the  case  when  the 
luminonty  is  upgraded  by  a  factor  of  10  (by  increasing 
by  a  factor  of  >/l0),  whereas  Fig.  3  shows  the  curves  for 
an  energy  upgrade  from  20  TeV  to  23  TeV,  while  keeping 
the  same  beam  current. 
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Figure  2.  Ev<^ution  curves  for  luminosity  upgrade  by  a 
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Akatnet 

Conversion  at  transverse  energy  associated  with  the 
cohoent  motion  at  daplaoed  beams  into  thermal  energy, 
and  thus  emittance  growth,  has  been  predicted  theoreti¬ 
cally  by  a  number  of  authors.  Here,  we  show,  using  2-D 
particle-in-cell  simulations,  that  emittance  growth  is  inhib¬ 
ited  for  tune  depressed  beams,  if  the  energy  spread  of  the 
beam  is  not  too  large.  Further,  using  a  uniform  density 
model  to  calculate  the  space  charge  field  of  the  beam,  we 
numerically  determine  the  criteria  for  emittance  growth  as 
a  function  of  tune  depression,  energy  spread,  and  beam  dis¬ 
placement  over  a  wide  range  of  parameters.  A  theoretical 
interpretation  of  our  results  is  presorted. 


1.  INTRODUCTION 

In  an  inertial  fusion  energy  reactor,  driven  by  a  heavy 
ion  accelerator,  the  ion  beam  must  be  focused  down  to  a 
small  (2-3  mm)  spot  at  the  target.  The  normalised  emit¬ 
tance,  (which  is  a  measure  of  the  transverse  phase  area  oc¬ 
cupied  by  the  beam)  must  be  sufficiently  small  in  order  to 
meet  the  spot  sise  requirement.  An  understanding  of  emit¬ 
tance  growth  is  thus  of  paramount  importance  to  ensure 
optimum  performance  of  a  driver.  One  source  of  emittance 
growth  is  the  conversion  of  the  energy  associated  with  co¬ 
herent  oscillation  of  the  beam  centroid  into  thermal  energy 
of  the  beam.  These  oscillatimis  may  arise  from  initially 
non-aligned  beams  or  accumulated  from  small  misalign¬ 
ments  in  the  focusing  quadrupoles,  for  the  case  of  a  lineu* 
accelerator.  In  addition,  centroid  oscillations  may  arise 
from  errors  in  the  field  strength  in  bending  magnets,  or 
voltage  errors  in  the  acceleration  modules  in  accelerators 
in  which  bends  are  present. 

It  is  well  known,  that  a  beam  with  a  KV  distribution 
in  the  transverse  direction  [1]  and  monoenergetic  in  the 
longitudinal  direction,  and  subject  to  strictly  linear  focus¬ 
ing  forces  will  undergo  no  emittance  growth,  even  if  the 
beam  is  initially  displaced.  It  is  also  well  known  that  for 
emittance  dominated  beams  (in  which  space  charge  is  neg¬ 
ligible),  a  small  spread  in  the  longitudinal  velocity  gives 
rise  to  a  spread  in  the  betatron  frequency  of  individual 
particles,  and  this  spread  mixes  the  phase  of  the  oscillating 
particles,  removing  the  coherent  oscillation  of  the  centroid 
as  a  whole  and  increasing  the  effective  transverse  area  of 

*Work  performed  under  the  auspices  of  the  U.S. 
D.O.E.  by  LLNL  under  contract  W-7405-ENG-48  and  by 
NRL  under  contracts  DE-AI05-92ER54177  and  DE-AI05- 
83ER40112.  fPresently  at  Harvard  University. 
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phase  apace  occupied  by  the  beam.  Fm  emittance  dom- 
mated  beams,  the  smaller  the  energy  spread,  the  smaller 
the  rate  at  which  the  emittance  grows  to  its  final  phase- 
mixed  value.  However,  the  aqrmptotic  value  of  the  emit¬ 
tance  is  nearly  independoit  at  energy  spread,  and  can  be 
estimated  by  using  the  consnvation  of  transverse  energy. 

In  this  paper,  we  examine  the  dfect  of  energy  spread 
on  beams  with  finite  space-charge-depressions  in  linear  fo¬ 
cusing  channels  and  find  behavior  which  is  qualitatively 
different  from  the  emittance  denninated  case.  In  partic¬ 
ular,  we  find  that  for  large  initial  centroid  displacements 
there  exists  a  threshold  in  energy  ^read,  bdow  which,  no 
significant  emittance  growth  occurs,  and  above  which,  the 
beam  approaches  the  aqrmptotic  phase  mixed  state.  For 
small  beam  displacements,  the  tranntion  is  not  sharp  but 
the  same  general  trend  occurs. 

n.  2-D  PARTICLE-IN-CBLL  RESULTS 

The  effect  was  first  observed  numerically,  using  the  2- 
D  slice  code  SHIFTXY  [2].  Here  x  and  y  are  the  transverse 
coordinates,  and  prime  indicates  derivative  with  repect  to 
z  the  kMigitudinal  coordinate.  The  beam  is  assumed  to 
be  displaced  x«  s  («)  in  the  x  direction  only,  where  ( ) 
indicates  average  over  particles  in  a  slice.  Hie  beam  widths 
in  both  X  and  y  directions  were  matched  for  the  emittance 
and  current  of  the  beam. 


Fig.  1.  x-x’  phase  space  plots  for  two  beams  as  indicated. 

Fig.  1  illustrate  the  effects.  In  fig.  la,  the  x  —  x' 
phase  space  is  shown  for  an  undepressed  beam  (<r/<ro  =  1), 
initially  at  r  =  0  and  in  fig.  lb,  eight  betatron  periods 
later  (z  =120  m).  Here  o-q  and  <r  are  the  undepressed 


and  deprcMed  phaae  advances,  respectively.  The  beam  had 
fractional  momentum  spread  of  halfwidth  A  =  0.01,  and 
the  initial  coitrmd  displacement  Xco  =  2a,  where  a  is  the 
initial  beam  radius  in  c.  The  beam  fills  a  ring  in  z  — 
z'  space  of  nearly  uniform  density,  as  different  particles 
with  different  betatron  frequencies,  phase  mix,  damping 
the  coherent  centroid  oscillation.  In  figure  Ic  and  Id,  the 
initial  and  final  phase  spaces  are  shown  for  <r/ao  =  1/3.1 
with  the  same  momentum  spread.  Note  the  transverse  area 
is  nearly  unchanged  from  the  initial  area.  Hiis  reduction  in 
emittance  growth  (in  this  case  by  two  orders  of  magnitude) 
is  an  unexpected  benefit  of  space-charge  dominated  beams. 

m.  MODEL  RESULTS 

In  order  to  obtun  an  understanding  of  this  behavior 
we  may  adopt  model  equations  of  motion  which  simplify 
the  physics  of  the  space-charge  force.  We  assume  that  the 
equations  of  motion  of  for  each  ion  are  given  by, 

<  =  (-*^0*.  +  -  **))/(!  +  «.)»•  (1) 

tfi'  =  (-*^oW  +  -  ».))/(!  +  «.)’•  (2) 

Here,  subscript  t  indicates  the  coordinates  of  the  tth  par¬ 
ticle  in  a  particular  slice  in  z,  which  is  traveling  in  the  +z 
direction;  t/io  =  <ro/(2L)  represents  magnetic  FODO  fo¬ 
cusing  in  the  smooth  approximation,  and  L  is  the  lattice 
half-period;  Si  ^  Spi/pk  the  fractional  difference  between 
the  momentum  of  the  tth  particle  and  the  average  mo¬ 
mentum;  K  =  2qI/(^AIt)  is  the  perveance,  where  q  is 
the  charge  state  of  the  ions,  A  is  the  atomic  mass  of  the 
ions,  p  h  the  average  longitudinal  ion  velocity  in  units  of 
c,  le  =  is  the  proton  Alfven  current  (S31  MA). 

Also, 

jbJ,  =  A'/[2(Az»-»-(Az>Ay>)‘/»)], 

=  A:/(2(Ai^  +  (Ax»Ay*)>/>)].  (3) 

Here  Az*  =  (z*)  -  (z)*,  and  Ay*  =  (y*)  -  (y)*.  Eqs. 
(1)  and  (2)  represent  in  an  approximate  way,  the  effects  of 
magnetic  focusing  and  space  charge,  and  the  (l-h£i)~*  fac¬ 
tor  indicates  the  velocity  dependence  of  these  iforces  when  z 
Lb  the  independent  variable.  The  physical  approximations 
that  have  been  made  include  the  following:  (1)  Focusing  is 
smooth  and  not  a  function  of  z  (ib^,  is  constant).  (2)  In  eqs. 
(1)  and  (2)  terms  through  first  order  in  the  small  quantities 
kpoXi,  kpoi/i  have  been  kept.  Non-linearities  arise  through 
the  dependence  of  kfg  and  kjy  on  Az*  and  Ay*  and  phase 
mixing  can  occur  because  of  the  (1  -b  ^,)”*  factors.  (3) 
Space  charge  forces  depend  only  on  lowest  order  moments. 
(We  have  used  the  electrostatic  potential  of  a  uniform  den¬ 
sity  elliptical  beam,  allowing  variation  with  z  of  the  cen¬ 
troid  position  and  semi-major  axes.)  (4)  The  beam  is  not 
undergoing  acceleration:  (p,  P,  and  Spi  are  constants).  (5) 
The  beam  is  non-relativistic:  (P  «  1). 

It  has  been  shown  [3,4],  that  when  the  factor  (1-1- j,)~* 
is  set  to  unity  in  equations  (1)  and  (2),  a  trzmsverse  energy 
H  may  be  defined  which  is  constant  in  z: 

2H  =  -I-  Ay*)  +  Az'*  -i-  Aj/* 

-A:in((Az*)‘/*-KAy*)‘/*) 


+*po**  +  +  »?  +  »?  (4) 

When  the  factor  (1-1-  Si)~^  is  included,  H’  is  no  longer  pre¬ 
cisely  constant,  but  the  fluctuaticos  in  H  ate  small  when 
A  is  small. 

Phase  mixing  can  lead  to  a  final  state  in  which  the 
beam  centroid  has  decked  to  sero,  at  the  expense  of  a 
larger  phase  space  area.  Two  final  states  of  the  beam  are 
of  interest.  When  the  z  and  y  equations  of  motion  are 
sufficiently  uncoupled  (as  for  example  when  «r  S£  (Tq)  the 
beam  width  and  displacement  in  the  y  direction  are  un¬ 
affected  by  the  initial  displacement  in  z.  The  final  state 
of  the  beam  evolves  to  z*/  =  y*/  =  *«/  =  =  0  and 

Ayj  =  Ay§,  where  subscripts  0  and  f  stand  for  initial  and 
final,  respectively.  Conservation  of  the  transverse  energy, 
yields: 

2Ho  =  kloi^x}  -k  Ayg)  -1-  t*.,Az*  -1-  t.*,,Ayg 

-A:in[(Az*)«/*-|-(Ayg)»/*]  (5) 

Here  2Ho  =  2(i^o  +  *?*o)Axg  -  /f  ln[2(Azg)‘/a]  + 
^po*co-  Equation  (5)  may  be  solved  (numerically)  for  Az*. 
The  root  mean  square  width  in  z'  is  given  by  Az^  = 
k^^yAxj  amd  similarly  the  width  in  is  given  by  A^*  = 
^tyjAVf  (fef.  4).  The  final  z  emittance  is  given  by  = 
4(Aj^Azy*)*/*  and  similarly  in  y,  ty/  =  4(Ay^Aj^)‘^*. 

The  second  final  state  of  interest  is  the  case  where  the 
z  and  y  equations  of  motion  are  sufficiently  coupled  so  that 
the  final  state  of  the  beam  is  the  same  in  both  z  and  y.  In 
that  case,  Az*  =  Ayj  and 

=  2(*g„  -f  *?.,)Az*  -  K  ln(2(AzJ)>/*]  (6) 

Again,  eq.  (6)  may  be  solved  numeric^ly  for  Az^, 
and  then  Ax'j,  Ay^*,  fgj,  and  Cy/  may  be  calculated  as  in 
the  first  case  above. 

We  have  integrated  the  model  eqs.  (1)  and  (2),  over 
a  distance  of  33  betatron  periods  for  an  ensemble  of  parti¬ 
cles,  for  a  variety  of  ratios  of  beam  radius  a  =  2(Azo)*^* 
to  initial  beam  displacements  Xg,  space  charge  depressions 
ff/ffo,  and  hadfwidth  A  of  distribution  in  6.  The  differ¬ 
ence  between  final  and  initial  z-emittance  is  shown  in  fig¬ 
ures  2  and  3  for  a/xg  =  1.  Note  the  sharp  threshold  for 
emittance  growth.  The  threshold  i:ay  be  heuristically  de¬ 
rived  by  a  consideration  of  equation  (1).  In  the  case  of 
no  energy  spread  the  centroid  oscillates  sinusoidally,  Xg  = 
XgocoskpgZ,  and  the  beam  widths  are  constant  Az*  = 
Ay*  =  Azg.  If  we  integrate  eq.  1,  assuming  these  val¬ 
ues  for  Xg,  Az*  and  Ay*  respectively,  we  find  the  solution 
to  eq.  (1): 

z.-  =  (z.o  -  cos  kz  -1-  (7) 

Here  ib*  =  (ib|o -*?.)/(! +  =  ((t/2L)*/(1 +  i,)*.  Also. 

klf  =  ^«/(l+^i)*-  Note  that  because  of  the  energy  spread, 
the  assumption  that  Az*  is  constant  breaks  down.  A  nec¬ 
essary  condition  for  eq.  (7)  to  be  nearly  self-consistent  is 
that  the  difference  between  the  assumed  Xg  and  a  particle 
position  X  at  the  edge  of  the  distribution  in  Si  be  much 
less  than  some  fraction  /  of  a  beam  radius.  This  condition 
leads  to  the  equation: 
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~  l)*«o  $  /*  (8) 

Eq.  8  ddliMS  •  critical  below  which  (  t.e.  for  large 
BWfative  valuea)  the  equations  of  motion  beo^e  very  non- 
Bnear,  but  abow  whi^  the  linear  scJutioa  (aq.  7)  runains 
approximately  valid.  When  we  substitute  the  half-width 
A  of  a  uniliwm  distribution  in  d(  for  — ^  into  equation  (8) 
that  thredidd  may  be  written 

A = 1  -  (») 

Tliis  thredhold  closely  mattes  the  threshold  found 
m  the  numerical  integration  of  ei^.  1  and  2  for  emit- 
tance  growth,  when  the  value  d  /  =  0.6  +  0.5(a/eeo). 
This  formula  for  /  was  found  by  fitting  to  the  numeri¬ 
cal  plots.  When  the  threshold  is  exceeded  the  emittance 
growth  is  given  closely  by  that  calculated  from  eq.  (5) 
(see  fig.  4).  This  threshold  is  sharp  when  a/ceo  <  1>  but 
the  simulatkms  show  that  the  threshold  is  much  broader 
when  u/xco  »  1*  In  that  ease,  the  asymptotic  emittance 
is  dose  to  the  initial  matched  omittance,  and  the  transi¬ 
tion  from  seto  emittance  growth  to  asymptotic  emittance 
growth  is  gradual,  so  that  the  predae  Wue  of  /  is  not  well 
defined. 


inl>xl»iwKicO  a/xoal. 


Figure  2.  Model  equation  results  of  tsj  —  for  a/zco  = 
1.0. 


o/oO 

Figure  3.  Contour  plot  of  figure  2,  (e,/  —  €go  for  a/xco  = 
1.0).  Dotted  line  is  the  threshold,  (eq.  9). 

rv.  DISCUSSION  AND  CONCLUSION 
Although,  use  of  eqs.  1  and  2  simplify  the  actual 
forces  experienced  by  the  particles,  threshold  predicted  by 


eq.  9  is  qualitatively  obtained  in  the  partide-in-ceU  (PIC) 
re^ts,  and  the  final  onittance  predicted  by  eq.  5  is  also 
approximately  obtained  in  the  PIC  results,  although 


o/HoObI.  Della  «  0.1 


Figure  4.  Model  equation  results  ofc,/  —  vs.  0/00 
for  A  =  0.10.  Dashed  line  is  asymptotic  emittance  found 
uring  eq.  5.  Short  dashed  line  is  found  using  eq.  6. 
additional  phase  mixing  to  the  final  state  predicted  by  eq. 
6  is  seen  for  smriler  <r/<ro.  The  result  that  space-charge 
depression  reduces  chromatic  aberration  in  an  alternating 
gradient  lattice  was  observed  by  Lee  [5]  and  is  phyrically  re¬ 
lated  to  the  reduction  of  phase  mixing  for  displaced  beams. 
The  coheroBce  of  centroid  oscillations  of  highly  d^ressed 
beams  over  many  betatron  periods  was  unexpected  and 
was  not  predicted  in  previous  studies  of  emittance  growth 
from  displaced  beams  [3,6].  Also,  as  indicated  above,  suf¬ 
ficiently  large  longitudinal  vdocity  spreads  will  give  rise 
to  non-linearities  which  may  becmne  fully  phase  mixed. 
These  results  will  have  applications  in  determining  error 
tolerances  in  possible  drivers  for  heavy-ion  inertial  fusion. 
V.  REFERENCES 

[1]  I.  M.  Ki^>chiiiskij  and  V.V.  Vladimirskij,  in  Proc.  Inti. 
Conf.  High-Energy  Acclerators  (CERN,  Geneva,  1959),  p 
274. 

[2]  I.  Haber,  "High  Current  Simulation  Codes,”  in  High 
Current  High  Brightness  and  High  Duty  Factor  Ion  Iigec- 
tors,  AIP  Conf.  Proc.  139,  (AIP,  New  York,  1986)  p.  107. 

[3]  M.  Reiser  “Free  Energy  and  Emittance  Growth  in  Non¬ 
stationary  Charged  Particle  Beams,”  Journal  of  Applied 
Physics  70,  1919  (1991). 

[4]  J.J.  Barnard,  H.D.  Shay,  S.S.  Yu,  A.  Friedman,  D.P. 
Grote,  "Emittance  Growth  in  Heavy  Ion  Recirculators,” 
1992  Linear  Accelerator  Conference  Proceedings  1992  Au¬ 
gust  24-28  Ottawa,  Ontario,  Canada 

AECL-10728  1,  p.  229  (1992). 

E.P.  Lee,  “Partial  Cancellation  of  Second  Order  Chro¬ 
matic  Aberration  of  a  Quadrupole  Focussing  System  by 
Space  Charge  Forces,”  Bull.  Amer.  Phys.  Soc.  35,p. 
1022  (1990).  (Abstract). 

[6]  O.  A.  Anderson,  “Emittance  Growth  Rates  for  Dis¬ 
placed  or  Mismatched  High  Current  Beams  in  Nonlinear 
Channels,”  Proc.  of  the  Fourth  NPB  Techn.  Symp.,  Ar- 
gonne  National  Laboratory,  (1992). 


3614 
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W«  rmMn  po—U*  cMdcmtkM  fat  iigMtiaa  of 
plwtocrthada  ptojhictd  olacteoa  hiwiiit  otrai^  iato  K— r 
■cedontiaC  Mctkaa.  A  aamqo^  b«aat  iato  the 

Baac  jg  wgaited  fat  mfrimain  h’lntniiMinB  thiwi^  tke  Kaac 

dbicrihii  afaratogiat  te  pltriag  tka  if  gaa  iajcctat  aod  tke 
■tMBgtk  of  tke  anlwtaiii  ta  at  to  miaiaiiae  tka  taitttaara 
grawtk  of  tka  boaat  aa  it  tiaootaaa  tka  Haac  aactioi.  Ike 
■ndatkai  codoa  PAKMBLA  aad  TBACE  S-D  IKK  wed  Cot 
tkia  dwiga  itady. 


L  INTRODUCTION 

Tke  Biookkatca  Accdentor  Teat  IkdKtjr  eoaaiata  of  a 
pkotoeatkode  kiaded  t£  gaa,  a  doalile>bead,  low-eaeigy 
tiaaapoit  ajetem,  two  ttav^ag-waee  accokiatiag  aec- 
tioaa  aad  a  ki^k-enetgjr  tnuupoit  to  aa  experimratal  haO 
[1].  Ou  goal  ia  tkia  paper  ia  to  exainiae  beaai  Hae  coa- 
igaiatinaa  wkiek  wift  peiaut  atrai^  iato  tke 

liaac  aectioaa  witkoat  kaviag  to  icaort  to  beadiag  aug- 
aeta.  TkecoatrolofeButtaacegtowtkiaapaiaaxjrdeaigB 
objeetite. 

Tke  iaeae  of  eoiittaace  giowtk  aad  ooataiaaiait  ia 
kigk-kiigktaeaa  deetcoa  beaau  kaa  beea  atadied  extea- 
ahely.  It  kaa  beea  argaed  that  to  atady  tke  phjraieal  phe- 
aoaeeaa  that  ptodaeea  enittaace  dilatioa  ia  tke  traaa- 
port  aad  acedexatioB  of  a  hi^biigktaeaa  deetion  beam 
it  ia  deairaUe  to  divide  the  deetioa  baack  ia  loBgitadiaal 
akeea.  Tkeae  aBeea  provide  a  tool  to  probe  aad  extract 
tke  differeat  dynamical  behavior  of  tke  olkca  of  the  dec- 
troB  pabe.  It  ia  wdl  kaowa  that  emittaace  dilntioa  dae 
to  tke  rf  dynaaiiea  withia  tke  rf  gaa  [2]  ia  qahe  differ- 
eat  fitom  that  dae  to  apace  charge  [3]  witkia  tke  baack 
atractan  of  tke  dectroa  beam. 

Uaiag  tke  code  PARMELA  [4],  we  track  each  olice 
tkroagh  tke  ayatem  aad  obaerve  that  tke  iatriaak  emit- 
tarce  whhm  cadi  dice  can  be  very  amall  (cn  ^  1  w  nm- 
mrad)  bat  the  projection  oa  the  phaae  apace  tff  all  alkea 
give  tiae  to  a  larger  ^obal  eauttaace.  Altkoagh,  the  area 
ia  pkaae  qtace  (emittaBee)  awept  bjr  each  alke  ia  arnaH, 
tke  area  covering  all  tke  alieea  ia  aigaiftcaatly  larger  and 
coaaeqaeatly,  tke  emittaace  of  tke  total  beam  ia  larger  ia 


magaita^.  Skme  the  ^ace-charge  effaeta  an  greater  at 
tke  loagitadmal  eeatei  of  the  beam  than  at  tke  eada,  tke 
core  teada  to  devdop  larger  vafama  of  <  a  >  aad  <  o'  >. 
Tkia  leada  to  eadk  oiiee  evobiag  tUffneatly  ia  pkaae  qiaee 
aa  time  evdvea. 


n.  NUMBILICAL  ANALYSIS  AND  USULTS 
f.l  Leaf  Drift  Sobttion 

Iqjectiag  beam  atraight  into  the  Baaca  eataib  placing 
aa  rf  gaa  inline  with  tke  Kaaca  aad  ntiBnag  a  aoleaoid- 
gna-aokaoid  arraageiaeat  while  poadldy  irworpmatiag 
the  preaeat  inkne  tr^kt  Cm  matching  beam  into  tke 
Haac.  Tke  aoknoid  pteeeediag  tke  gaa  ia  naed  ao  aa 
to  back  tke  magaetk  idd  of  tike  aeeoad  aokaoid,  thaa 
inaariag  that  aa  emittarwe  degrading  magaetk  idd  ia 
not  preaeat  at  tke  ^otocathode.  Ia  tkia  coaigaratioa 
tke  cathode  plaae  ia  located  2.5  metera  from  tke  hue 
eatrarwe.  Tke  advarriage  of  tkia  a^pcoad  k  that  it  pre- 
aervea  tke  preaeat  doable-bead  tot  irQeetkm  into  the  liaac 
[5]  tkaa  providiag  vabubk  rednadaaey  thcrdiy  redac- 
iag  program  downtime. 

the  beam  into  tke  Kaac  ao  aa  to  eacoBater 
BO  beam  loaa  after  traverarag  tke  two  linac  aectioaa  re- 
qaixea  ^  dectroa  beam  to  be  aKghtly  eoavergrag  aa  it 
eatera  tke  flrat  liaac  aectioa.  We  have  checked  that  tkia 
ia  not  poaaibk  for  a  1  nC,  10  pa  beam  if  we  wkh  to  rdy 
exdnaivdy  <»  Ae  focaaiag  of  a  adenoid.  By  ntiHamg  the 
iafiae  triplet,  it  ia  poaaibk  to  preaeat  a  properiy  matched 
beam  to  the  Haac.  We  Sad,  however,  that  a  adenoid 
placed  immediatdy  after  tke  gaa  ia  atiD  reqniied  in  or¬ 
der  to  contain  tke  beam  dnimg  tke  70  cm  drift  to  die 
trqdet  eatraace.  We  naed  TRACE  S-D  [6]  to  devdop  tke 
intial  coaditioaa  for  matching  tke  dectroa  beam  into  tke 
linac  aad  then  naed  PARMELA  to  caknlate  tke  foil  beam 
dynamka  from  tke  plaae  of  tke  pkotoeatkode  throagk  to 
tke  emergence  from  tke  two  Haac  aectioaa. 

We  ahow  in  Fig.  1  a  typkd  aolntion  for  ddiveriag  foil 
beam  throagk  tke  Haac.  The  dectroa  beam  parameten 
for  tkia  adntioB  entail  b^jaaiag  at  tke  pkotoeatkode 
with  a  beam  with  a  uniform  radial  diatribntion  of  r  = 
0.9  mm  aad  a  naiform  loagitndiaal  pnbe  length  of  10 
pa.  Tke  nae  of  a  naiform  dktribntum  waa  found  to  of¬ 
fer  aignificaat  advaatagea  over  gaaaaiaB  dktribntiona  in 
terma  of  minimiaing  the  final  beam  erahtance.  The  beam 
mnergea  from  tke  Haac  aectkna  with  an  tma  radina  of  1.6 
mm  and  a  tranaverw  emittaace  of  3.5  ir  mm-mrad. 
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m.  CONCLUSIONS 


i.i  SehUofU 

We  eqjilon  phrieg  tke  if  gnn  ialue  as  cloae  ea  poan- 
Ue  to  tke  luae  eatnuice.  Matehieg  iato  tke  Haac,  kow- 
evet,  teqoina  at  a  miaimam  a  aolwioidal  fbcaaiBg  aiagaet 
betwew  tke  gaa  aad  tke  liaae  eattaace.  Tke  priae4>el 
eariaklea  eapkned  for  tkia  atady  aie:  tke  atieagtk  of  tke 
aoleaoidl  Add,  tke  gaa-to-Kaac  diataace,  aad  tke  pkaae  of 
tke  kaac  aectioaa  idatiTe  to  tke  if  gaa.  '^e  leagtk  of  tke 
aokaoid  waa  Axed  at  16  cm  aad  tke  avenge  aeedentiag 
gndieat  of  tke  kaae  aectioaa  waa  aet  at  7  MV/m.  Wkik 
we  did  vary  tke  tadiaa  of  tke  iaitial  dectioa  beam,  tke 
baack  ckai^  waa  Axed  at  laC  aad  tke  baack  leagtk  waa 
Axed  at  10  pa. 

Fig.  2  akowa  tke  aolatioa  of  tke  a=62  cm  caae,  pieaeat- 
iag  a  beam  ideatical  to  tke  previoaa  example  diaplayed 
ia  Fig.  1.  Tke  beam  emeigea  from  the  two  Uaae  sec- 
tioaa  with  aa  rasa  radiaa  of  0.26  mm,  aa  rma  diveigeace 
of  0.050  Bind,  aad  aa  iavaiiaat  eouttaace  e.  =  0.75  w 
Bun-mxad.  We  Aad  that  tke  eaeigy  apread  of  the  emetg- 
iag  beam  ia  paiticularly  aeaaitive  to  the  phaaiag  of  the 
Haac  aectioaa  while  tke  Anal  beam  emittaace  ia  mthei 
iaaeaaitive  to  tkia  variable  (see  Fig.  3).  The  optimam 
aettiag  of  tke  pkaae  deUven  a  beam  with  aa  rma  dp/p 
of  2  X  10~^.  Ia  Fig.  4,  we  diaplay  tke  leanlta  of  varyiag 
tke  drift  diataace  betweea  the  goa-aoleaoid  aad  tke  Haac 
eatiaace.  We  Aad  that  the  optimum  diataace  from  tke 
pkotocatkode  plaae  to  tke  Haac  ia  70  cm. 
t.S  Bketron  Bunch  Dptumuea 

We  have  examiaed  tke  ptocem  whereby  the  emittaace 
of  tke  electioa  Arat  growa  tkea  dimiaiahea  aa  tke  beam 
diifta  tkea  accelemtea  after  it  leavea  the  if  gua.  Tke 
emittaace  growth  experieaced  dniiag  tke  drift  period  im- 
mecUatdy  after  the  beam  leaves  the  tf  gua  results  from 
defocuaiag  forces  due  to  space  charge  withia  tke  electroa 
buach.  These  defocusiag  forces  are  atioager  ia  tke  cea- 
ter  of  the  buach  thaa  oa  the  leading  and  trailing  edges  of 
the  beam.  This  results  in  a  time-dependent,  phase-space 
structure  which  can  be  aeutraliied  if  the  space  charge 
forces  ate  inverted  so  as  to  make  the  defocusing  forces 
stronger  in  the  ends  of  tke  election  bunch  than  the  cen¬ 
ter.  The  caa  be  achieved  though  a  focusing  action  on 
the  beam  followed  by  a  drift.  In  Fig.  5  ,  we  see  tke 
tngectories  in  x-x'  phase  space  of  aa  ensemble  of  elec¬ 
trons  Arst  at  the  longitudinal  ends  of  the  bunch  and  then 
at  the  longitudinal  center  of  the  bunch.  Notice  that  af¬ 
ter  the  focusing  action  is  complete  both  ensembles  move 
toward  the  left  (toward  negative  x)  due  to  drift  and  ri- 
multaneously  up  (toward  positive  x')  due  to  defocusing 
space-charge  forces.  The  interesting  feature  observed  in 
this  plot  is  that  a  cross-over  occurs  going  from  negative 
to  positive  x*  (defocusing  action)  instead  of  the  standard 
positive  to  negative  x  (drift  action).  Clearly  seen  in  the 
Agnre  is  that  the  end  sections  of  the  electron  bunch  are 
spatially  compressed  more  than  the  center  of  the  bunch. 
This  results  in  an  increase  of  the  space-charge  defocusing 
forces  in  the  ends  relative  to  the  center  thuL  compensat¬ 
ing  in  part  the  ^obal  emittance  growth  observed  before 
the  focussing  action. 


We  observe  aa  increase  of  the  electroa  beam  emit- 
taaee  e»,  immediately  after  the  gua  aad  a  subaequeat 
reduction  to  a  rather  broad  wiinimnin  (ia  some  cases 
there  is  a  gentle  asymptotic  decrease)  located  inride  tke 
Haac  sections.  This  behavior  of  e.  r^ects  the  interplay 
of  focuring,  drifting  aad  defocusing  space  charge  Adds 
[7].  The  net  result  is  to  close  the  &n  in  phase  space 
which  results  in  a  decrease  of  the  global  emittance  of 
the  beam.  If  at  this  point  the  beam  is  accelerated,  then 
the  phase  spaces  of  the  sHee  elHpses  are  lodud  in  with 
respect  to  each  other  due  to  the  decrease  of  the  space 
charge  forces  (Fj.  »  f^(;^))-  The  election  beam  emerg¬ 
ing  from  the  Haac  exhibits  a  high-brightness  charactei- 
ised  by,  S  =  „  ’*--  =  6  x  10*3. 

We  give  in  Table  I  a  sumatary  of  the  parameters  for  the 
beam  entering  the  high-energy  transport  system  fdUow- 
ing  the  Hnacs.  We  And  that  the  optimum  photocathode 
idaae  to  Haac  entraace  distance  for  our  initial  conditions 
is  70  cm. 
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TABLE  I.  Psiameteis  used  in  the  PARMELA  linmlations 


for  aa  axially  symmetric  1  j-ceO  gun  in  a  ir  ■ 
tion  with  a  adenoid  pair. 

■mode  configura- 

RF  frequency  [MHs] 

3856 

Radins  of  ^>ertuxc  [cm] 

1.0 

Field  on  cathode  [MV/m] 

100.0 

Initial  phase  [degree] 

43.0 

Laser  spot  sise'  [mm] 

0.9 

Laser  pulse  foU  width'  [ps] 

10.0 

Charge  [nC] 

1.0 

Bo  ptG] 

3.2 

Average  linac  acxelerating  gradient  [MV/m] 

7.0 

Cn  1  w  mm-mrad 

0.75 

dp/p  [%] 

0.3 

'Uniform  profile 
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FIG.  1.  NatmaHaad  teaaavana  wnittancr  Cn  va.  dntaaea  a 
atiHaiag  a  aokaod  aad  gaadn^ok  teiplrt 
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FIG.  4.  Tha  iiiiiiaaiiiiiil  amittaara  of  tha  dacteoa  beam 
aantjagthalbaciartkaiaaaaftiaetioaafthalaBgitadiBaldia- 
bataaaa  the  pk"**»**T*VM**  plaae  aad  the  cateaace 
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FIG.  3.  Nma^aed  teansveiae  emittaace  Cm  va.  dirtancf  a 
■rtUrtm  oaly  a  aoleaaad  paii — tha  plane  of  the  photocathode 
ia  63  cm  from  the  fiaac  ednace 


FIG.  5.  The  tnQoctonea  of  the  end  aad  ceatec  dkea  <d  the 
dacteoa  beam  m  x>x'  phaae  apace 
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Abstract 

The  motion  of  a  S*<limen8ional  elluMoidai  bunch  of 
charged  particlee  in  an  arbitrary  external  electromag¬ 
netic  field  is  considered  taking  into  account  the  effect 
of  q>ace  charge.  The  first  i4>proximation  of  the  electro¬ 
magnetic  field  within  the  bunch  due  to  space  charge  has 
been  found.  The  nonlinear  matrix  equation  in  the  en¬ 
velope  variable  space  is  written.  An  effective  recursive 
canq>tttational  method  for  the  solution  of  the  nonlinear 
beam  envdope  evolution  is  proposed. 


1  Introduction 

A  time- varying  field  can  be  used  for  the  transverse  focus¬ 
ing  of  particles  and  in  some  cases  a  hi(^-frequency  focus¬ 
ing  syston  can  be  constructed  more  simply  and  cheaply 
than  a  strong-focusing  system  [1].  The  possibility  to  use 
a  high-frequency  focuring  field  in  nuclear  microprobes  [2] 
opens  up  possibilities  fw  the  analysis  of  high-frequency 
ot  rapidly  moving  processes.  Most  advanced  accderar 
tor  and  micn^robe  ^plications  require  fai^-brightness 
beams  [3].  In  some  cases  -like  a  narrow  beam  through 
the  wh^  system  or  a  very  bright  beam-  the  beam  is 
dominated  by  q>ace-charge  frwces  throughout  the  entire 
system  frmn  source  to  target. 

In  this  piq[>er  the  electromagnetic  field  inside  a  beam 
bunch  due  to  the  space-charge  is  presented.  The  parax¬ 
ial,  mmlinear  equations  of  motion  of  this  bunch  in  an  ar¬ 
bitrary  external  electromagnetic  field,  as  well  as  a  new, 
recursive  technique  for  solving  these  equations,  have 
been  constructed  and  are  presented.  A  more  detailed 
report  on  this  theory  is  to  be  found  in  [4] .  In  two  recent 
p^>ers  p]  and  [6],  this  theory  has  been  applied  to  a  spe¬ 
cial  case  with  an  infinitely  long  beam  (i.e.  a  DC-beam) 
and  with  an  dliptical  beam  cross-section  in  a  static  elec- 
tnmiagnetic  fieM. 


2  The  coordinate  system  and 

NOTATIONS 


Hw  motion  of  the  particles  of  a  bunch  is  described  rel¬ 
ative  to  a  single  particle,  the  refertuce  particle,  which 
follows  a  reference  trajeetorp.  The  equations  of  mo¬ 
tion  and  of  the  4-vector  electromagnetic  potential  A 
are  written  in  a  coordinate  frame  z,  moving  with  the 
reference  particle.  All  symbols  and  notatkuis  in  this 
paper  will  fdlow  the  same  conventions  as  used  in  ref. 
[7].  The  coordinates  of  the  reference  particle  are  de¬ 
scribed  by  the  four  vector  Zm-  This  is  chosen  such  that 
itax  —  Zmi  =  0,  Zm4  =  ctm-  In  this  paper  we  restrict 
ourselves  to  first-order  (paraxial)  focusing  with  a  rec¬ 
tilinear  reference  trajectory  z  =  z(tm).  An  arbitrary 
particle  is  described  by  a  4-vector  z,  where  the  com¬ 
ponents  of  X  are  the  deviation  of  any  particle  from  the 
reference  particle  [7].  Here  Z|  and  Z2  are  the  trans¬ 
verse  coordinates,  zs  is  the  longitudinal  coordinate  and 
X4  =  c(t— tm)>  i-e.  the  time  coordinate.  All  the  particles 
in  a  bunch  are  detected  at  the  same  time  t  =  tm-  This 
means  that  the  observer  is  located  in  the  plane  z^  =  0 
and  that  Z4  =  z„4  =  ci„. 


The  quantities  B,  E,  p,  I  and  j  denote  magnetic  field 
induction,  electric  field  strength,  charge  density,  beam 
current  and  current  density,  respectively.  The  quantities 
p  and  7  denote  momentum  and  total  energy  of  the  ref¬ 
erence  particle.  The  3-dimensional  vectors  B  and  E  are 
expressed  in  the  inverse  of  the  units  used  to  measure  z 
and  z  (  t.e.  m~*).  The  4-dimensional  vector  A  and  the 
quantities  7,  p  and  I  are  dimensi<mless.  The  quantities 
p  and  j  are  expressed  in  m~^. 

As  notated  above,  X4  =  0.  Therdbre,  instead  of  the 
notation  z  for  the  three  dimensional  vector,  we  will  use 


for  convinience  the  notation  z,  t.e.z  = 


z. 
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11tt  |bBo«ia|iiotottoot  we  abo  uaed: 


a*  a  4{«)  s  dMtdMadMa,  {«*)  a 

4|  a  >},  8  a^,  Jl^  s  +  *11  ^  a  1 


3  The  electromagnetic  po¬ 
tential  A  INSIDE  THE  ELLIP¬ 
SOIDAL  BUNCH  DUE  TO  THE  SPACE 
CHARGE 

Let  os  eouider  the  motk»  of  a  bunch  of  particles  whidi 
is  the  canonical  central,  3>diniensional  elHpamd  n(*). 
This  dlipsoid  is  described  by  the  following  equation: 

0<a(*)a^  +  ^  +  ^<l  (1) 

Here  oi,  03  and  03  are  functions  of  Xm*- 
The  4-veetor  potoitial  A  is  written  in  the  form: 


A(*,am4)a  / 

Ja 


j(l(«*).*m4-y**)d{**} 
IK**)  -  **)(*  “  **) 


We  suppose  that  the  bunch  d  particles  in  the  space 
(a*)  is  also  the  canmiical,  central,  S-dimensional  ellip¬ 
se^.  Therefore  Ai  s  0  and  A3  s  0. 

Let  a,  b,  e  be  any  three  unequal,  positive,  real  num¬ 
bers  which  we  suppose  to  be  arranged  in  descending  or¬ 
der  of  magnitude: 


a>6>e>0 


where: 

a  amu  Oi,  c  =niia  04, 

b  =  ai,  ifoijia  and  a,-  yi  c 

Assuming  that  p  —  pmia  constant  inside  the  dlipsoid 
we  obtain  the  components  A3  and  A4  in  the  following 
forms  [8]: 

A3  a  A4  =  Pm^ 

7 

whwe: 


^  i  (Mo  -  Mixl  -  M3x\  -  M3*S) 

..X  .  aWa»-c^£?(d,*)  /„x 


u,  =  - 

.  c  . 

daarccos-,*8^^j5— 3 

a’Mi  +  t’Mj  +  e*M»  a  Mq 

Here  F{4,  k)  and  E{4,  k)  are  incoiiq>lete  dl4>tic  inte¬ 
grals  d  the  first  and  the  second  kind. 

Using  the  expressions  fiir  A  we  obtain,  in  the  first  ^ 
proximation,  the  following  expresskais  for  the  electro¬ 
magnetic  field  inside  the  dliptical  bunch  of  particles  due 
to  the  space  chwge: 

Bi  =  — -/wMaX],  fla  =  -Pmkii*u  Bs  =  0 
7  7 

a  pmMiXi,  B3  8  PbnMaXa,  B3  =  PmMa*9 


4  Paraxial  equations  of  motion 

The  motion  of  the  elliptical  bunch  of  diarged  particles  in 
wbitrwy  qi>ace-time  is  described  by  the  following  parax¬ 
ial  equation: 

r/  =Pv  (3) 

where: 

yj  8  Pa  =  xa,  pj  =  xs,  IN  a  ^x'„  m  8  ix^, 

Ife  -  p*3.  ^  F  ^ 

Ci3  =  0.  I#t,  Cu=C32  =  -,  G»=4 

P  Po 

Fu  8  -  (-ViB„3  +  -^kE„i+5(k,l)^Mi) 

po\  p  py  J 

Fa*  8  1  fv*Bm,  +  ^  V*F™a  +  « {k,  2)  ^Ma)  (4) 
Po\  P  FT  J 

Fak  =  -§-(VtE„a  +  S(k,Z)p„Ma) 

P*7 

=  0,  t  a  1,  2,  3;  D,a  a  -Ehi  a 

P 

Dai  a  -^Emi,  Dia  =  —^^Emi,  Daa  =  -^Emi 
"tr  Po  7P^ 

Daa  a  —^^Em2 
Po 

I—’  ^  I-" 


B«m  B  aad  S  U9  actanul  dKtromaifMtk  fialdi  aod 
Jig  it  tiM  inHirf  vah*  of  p  at  »m4  »  aii»4«*  Hm  Kroneeker 
Mt*  is  diteed  as  f  (i.j)  s  1  if  t  s  j  aad  6  (i,j)  s  0  if 
i  ff  j.  Aaswmim  tlie  ehatfe  of  the  banch  is  ghrea 
by: 

Q=  f  p'dciilsgdss S  imisgas/C. 

JtHm)  « 

weobtam: 

.  -  /  -  / 

^  IsSiSgSgl^  |«sAei^ 

whsM  is  the  frequency  of  the  beam  cunent  impuhes. 


5  The  recursive  <7-method  of 

SOLUTION 

The  acdntkm  of  the  matrix  equation  of  motion  eq.  (3)  is 
written  in  tenns  of  the  matrisant  in  the  f<»m: 

y  =  Ryo,  Ro  =  h 

whete  R  is  a  6x6  matrix,  fg  is  a  6x6  unit  matrix  and 
Ro  and  yg  are  the  initial  values  R  and  y,  re^.  A 
ctmtinuotts,  goieralised,  analogue  of  the  Gauss  brackets 
or  the  method  shuttle  integrals,  refr.  [2]  and  p],  can 
be  ued  to  calculate  the  matrisant  for  an  arbitrary  coef> 
ficient  matrix  P{*m4)  with  rigorous  conservation  of  the 
phase  vdume  of  the  beam  at  each  stage  of  the  calcula- 
tion. 

We  are  considering  the  bunch  oi  particles  which  is  the 
6-dimensional  ellipaoid  in  phase  space.  It  is  convenient 
to  use  the  envriope  matrix  a,  where: 

9  =  R<roR 

Here  R  is  the  matrisant  and  e  is  the  matrix  charac¬ 
terising  the  sbm>e  of  the  initial  6-diinensional  ellipsoid 
in  the  phase  qMce.  We  note  that: 

=  «1  (*m4)  >  <^aa  =  o5  (Sms)  ,  =  *5  (*m4) 

whne  is  the  maximum  value  of  in  the  phase 
set  with  an  ellipsoid  boundary. 

TIm  matrix  c  satiaftes  the  differential  equation: 

o*  =  Pe  +  <rP 

where  the  coefficient  matrix  P  is  described  by  the  eqs. 
(4).  It  is  to  be  noted  that  the  matrix  P  depends  of  the 
dements  cw,  on  and 


6  Summary 

We  have  Mnsidered  the  motion  cS  the  3-dimensional  d- 
liptieal  bunch  particles  in  an  arlutrary,  external,  dec- 
tromagnetic  field,  taking  into  account  the  effect  of  q>aee- 
chargs.  The  qwce-charge  effect  is  impmtant  for  a  high 
beam  cunent  I,  for  a  bunch  of  small  vdume  aad  for 
beam  cunmt  inq>ulses  of  low  frequency  v.  In  the  first 
approximation  we  have  found  the  dectroinagnetic  field 
inside  the  bunch  due  to  the  space  charge.  This  is  given 
in  eq.  (3).  A  new  recursive  techniqw  has  been  proposed 
for  the  adution  of  the  non-linear  equations  ci  motion  in 
the  first  approximation,  given  by  eq.  (3)  wbae,  in  each 
step  of  tlw  numaical  integration,  the  phase  volume  of 
the  beam  is  strictly  omservcd. 
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Space-diarge  Dominated  Beam  Envelope  Transport  with  Rotatable  Axes 

Bqgieae  Y.  Td«g 

400  Div^  Oieft  RoKi.  4M629.  Bdinool,  CA  94002  USA 


Atatract 

!■  MOHl  ptcniai  anilki  idMaienKtiiig  aooekntar 
beama  coafUag  beMcea  x-  aad  y'lnodoiis  due  route  the 
rfHyrtftrf  beam  eawelppe  ia  cenddeiied  mdeainble.  Yet  ia 
acme  andkatioaa  aach  at  ckoiioa  beam  Utboipaiilqf  aad 
deettoa  bean  ttaaandaaioa  X-cay  ooii|xied  tomogtapiqr^ 
exiecaal  foeaaaiag  demeata  c«ue  thia  cotqaling  by  deaiga. 
To  floeet  dda  aeed,  the  claaaicai  4di  order  KapcWnaldy- 
VlaiUmitalQr  (KV)  dtffeBeatiai  eqoatloaa  have  beea 
geaetaliaed  to  iad^  beam  eovdope  rotatioa.  Thia  aet  of 
lOdi  Older  geoaraliaed  eavdope  eqaadoaa  baaed  oa  the  KV 
tSatdbtSioa  wem  qiplied  to  a  600  mA.  130  keV  bem 
moviag  thraq^  a  low^Meaaooe  aitrogea  gaa»  where  die 
ibaeaoe  aad  peeaeooe  at  con|dete  plaama  aetaralizatioo 
aioag  ita  path  caoae  the  beam  to  diverge  aad  coaveege. 

L  INTRODUCTION 

The  amadard  eqaadoaa  for  the  beam  eavelope  are  die 
K^ichiaakfy-Vladimiraiqf  eqoMiooa  for  die  priac^  axea  of 
aa  eHipaedur  doea  aot  rotate,  becauae  the  x-  and  y-  motioea 
are  deooqpled.  However,  for  certaia  iqiplicadooa,  the  x  aad  y 
modoaa  are  ooopled  delibetatety,  ia  order  to  aiiga  the  elUpae 
axea  widi  deaired  directiooa.  The  generalized  eavelope 
eqoatioaa  deactibed  here  allow  for  rotatiag  eUptical 
eavekpea. 


n.  THE  ELECTRON  OPTICS 


Hgqre  1.  Eleettoo  optical  qnem 


A  steady  ^paoe  diatge  limited  beam  ia  produced  by  the 
goa  ^gore  1).  By  adjostiag  the  aitregea  preaenre  ia  die  drift 
tobe^  die  beamb  laade  to  ioaize  die  gaa  ia  itapath  oa  a 
timeacale  dwrt  compared  to  ita  tranait  time.  The  ion  clearing 


Hgtxe  2.  Local  beamcootdioatea. 


eiecttodea(l]  aweep  the  ioaa  out  of  the  beaoo.  The  eketroa 
beamcxpaadabyadf-rqailaioaiiatilitleavcathelCE,  whea 
it  becomea  aeatraliaed  aad  fbenaaed  by  die  aideaoid  aad 
qoadrapole  lldda,  aad  ita  owa  nogaetic  adf-fidd.  The  beam 
ia  deflected  by  d^xile  c<^  which  add  their  owa  iohereat 
foconiag  fielda  along  ita  path.  The  bead  plaae  nd  beam 
path  coaaitiite  a  oatnral  coortfiaaie  lyateffl  (Flgore  2). 

m.  ENVELOPE  EQUATIONS 

The  eoaditioa  that  the  beam  haa  a  oaiform  eOqxieal 
profile  meaaathat  the  particka  be  naifoniiy  diatribPted  over 
the  aotface  of  a  4-<liffleaaioaal  dl^uoid  ia  ita  pliaae  giaee, 
accotdiag  to  the  Kapcfaiaakiy-Vladlmitaly  (KV)  micto- 
caaooieai  easembk  p: 

p  =  S(l-I(x,y,ftpPy,t))  (1) 

idiere 

I(x,y,px4y  )  «  a,i  x2  +2  ai2  X  y  +  2  ai3  X  Pj  +  2  ai4  X  py 
+  a22y^2a23ypx+2a24ypy  (2) 

ia  a  quadratic  fkmetioa  of  the  phaoe  vadabka  aad  S  ia  the 

Dirac  ddta  ftaactioa.  Let  the  paraxial  HamOtoaiaa  be 

H-(klx(t)2+^)i^qx(t))2/po•^2mx(t)y(t)•^  k2y(l)^ 
+  (3) 

Thea  the  eoaditioa  diatI(x,y,p^j>y)beaptiaBeiavariaatia 

aii’(t)  =  2  (ki  ai3(t)  +  (-  q  ai2(t)  +  q2  ai3(t))^o+  m  014(1)) 

ai2’(t)  =  m  (ai3(t)  +  a24(t)  +  k2  ai4(t)  +  ki  023(1)  + 
(q(aii(t)-  a22<l))+  q^  (a^d)  +  a23(t))  >^0 

•l3'(t)  =  ki  033(1)  +  (-aii(t)  -  q  (014(1)  +  023^))  + 

q^*330)yjPo+  «n*34(‘) 

«14’(t)  =  ki  034(1)  +  (-ai2(t)  +  q  (013(1)  -  024(1))  + 

q^«34WyiPo+  ra*44(^) 

a22’(t)  =  2  (m  023(1)  +  k2  024(1)  +  (q  ai2(t)  +  q^  a24(t)Vlp<,) 

a23’(t)  =  m  033(1)  +  k2  034(1)  +  (-ai2(t)  + 

q  (*13(0  -  «24(^)  )  +  q^  «34(‘)ViPo 


0-7803-12Q3-1/93S03.00  C 1993  IEEE 
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m 


a33X^«  •2(«t3(0-»^qaM<^)^Po 


P<rM^Vl-P^  0-0^2372  V(2-t^Oj00195«a3P>B 

IV.  NUMERICS  EXAMPLE 
The  eqaaiioM  riKMe  1MR  applied  to  the  q^Mem  la  See.  n. 


A.5}fsumfanmutm 

The  dipole  that  heads  the  beam  araead  nui  from  S7  to 
S2J7  COL  The  beam  eaten  aad  kawea  the  qoadntpole  at  t  s 
59.4S  aad  79.93  cae.  The  focal  plaae  ia  m  219.d7  cna.  The 

beaae  it  deflected  22.d7^  away  from  ae  0U  adi.  Ddtaate 
wheae  die  aoteaoidai  focoarii^  nreei^  q2^o  is  cxterad.  mixing  of  x- aad  y- onotioaB  is  Iniwaed  by  a  aM-aero  o^. 
whOe  the  qoadnqpole  Mieiqilis  k|.  1^  aad  m  ate  givea  by  a  The  locadoa  of  vadooa  optical  ekmeatsqdits  the  beam  path 
nmofextetaaKku^  k2am  fUest)  >«1  aetf-fomoK  iilokiegloai.  aadiowalaTaMe  1. 


•34'<0»*(«l4C0+«23<^)  +q(«44<*>-*53W(»'Po 
HiXO*  -2(i^<l)-qa34<t))qv>J  (4) 


kl*kieja+  (-2  g2  (>11  ■  (H42  a33  -  2  ai3  a|4  ^  ■» 

•l3*«44>^-«34^*33  •44Mit*A)/*^^a^!J^^l^/ A 

^2“  (-2  w2|^/B)(a22-  (1242 1^1-2^1^2^34 

+»23^«44V(-*^*+  *33  •44>*("^^V^«33  ■44(0  *  *34*)  ^  A 

m-  n^git  +  (-2  a?  X*12  +  (-<*14  *24  *33)  +  *14  *23 
*34  +  *13  *24 *34 *  *13  *23  *44yC-*34^  +  *33  *44))^ A 

A  =  (-  (ai42  +  a24^a33»2ai3  a|4  034  +  2  023  024  *34  - 
(*^^*23^44)^^  *44(Q  •  *34^(*ll-«-*2) 

V*33  *44^  -  *34*  +  2  w^/e  (5) 

By  IioiiviIle*Bdieoieiiik  the  enrittaaoe  e  ia  cooeened. 

.px.py.t))dxdydpK<^ 

when 

*  (*14*  *23*  -  2  •13  *14  *23  *24  +  *13^  *24^ - 
*14^*22  *33+2ei2*l4*24*33-*ll  *24^  *33 
+2  *13  *14  *22  *34  *  2  *12  *14  *23  *34  *2  *12  *13  *24  *34  ♦ 
2  *11  *23  *24  *34  +  *12^  *3*^  -  *11  *22  *34^  ’  *13^  *22 
*44+  2ai2ai3a23a44-ana232  a44-  *12^*33  *44  + 

*11*22*33*44)*'^ 

la  these  eqoatioes: 

I<|2cr)  »  a-36Ja-(l-  +  0.00195  E)2l)y((2i-0.00196  B  )  B)3^, 

die  nbliviaiie  pemaaoe  tenet  tvhkfa  caa  be  poaitive 
(defocoaiiig)  or  aegathe  (foconi^;  E  «  eaeigy  of  beam  ia 
heV;  f  a  aeottaUzatioa  fra^ioo;  f  »  1,  ooioplete 
aeatraliiatioa;  f  »  Ot  ao  aeotniizmioa);  J  a  total  coneot  io 
Angw; 


TeWel.Sepantioa  of  beam  path  iatongjoBa. 


legloB 

Shut  (on) 

EUaiwal  focaa  Dowar  (cai*2) 

lies 

0 

0 

2  ICE  + 
Sohaoid 

31.25 

3  ICE 

48.75 

0 

4Drift 

55. 

0 

SDipde 

57 

kiext  -  .00024 

6  Dipolit 
■f  Quad 

59.45 

kw  a  .00024  t  75  10-^ 

(Mn); 

-k2exe*75  *(^y>maaL 

7Dipole 

79.93 

kiert*  00024 

SDrift 

8257 

0 

i!saE_ 

219.7 

KA 

We  assome  ao  partial  oeatmizatioB  oa  die  padi.  Wkhin 
the  ICE^  we  take  f  a  0  (ao  oeotralizatioa);  ootside  of  the  ICEt 
we  take  f  a  i.  We  asaome  that  die  beadiag  mggaet  field  b 
aaiform.  AH  pole  face  efbcts  an  igaond.  Other  beam 
parameienanEa  130  keV  beam  Po-0.7dt  ^/(xPo)-^ 

.  10-*  cm  cadiu.  aad  a  0.00060S85  n  cm  tacBaa.  The 
initial  eavelope  tadina  i(0)  a  0.18  cm  aad  the  dope  t'(0)  a 
0.01  radian.  It  is  coavenient  to  worit  with  a  natnral  unit  of 

tran8vemleiqdiaex/<^irp^^2^|»  0.072  cm  a  unit 

dopea  ^I[t2d]l/p0  a  0.01 1  radian,  and  t  is  normalized  wx.t 
a  unit  longitodinal  leagfli  a  219.57  cm  A  MadiematicalB 
eiectroa  beam  CAD  padoge  SEEK  (Seif  lateractii^  Beam 
Envelope  Rotder  [10])  hm  been  written  for  interactive 
iitegratioa  of  the  envelope  equations. 

B.  Resists 

The  envelope  eqnationa  wen  first  imegcated  with  45*^ 
qaadrapde  field  a  0;  from  t  a  0  to  t  a  2  for  dUEBteat 

adenoid  ^p^  and  kj^.  The  imnge  plane  0=1)  diqm 
ampUtodes  anahowninFigQies3and4. 
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Ftor  a  good  focoa  in  tbe  y-dbectioa  (jpeipeadlcohr  to  tbe 
dipale  band  plane)  it  ia  neceeeaiy  to  atay  in  the  Uacit  atrip  in 

ngan4.Weclioaeq2^«0.018cin*2and  ki^xt  *-0.064 

cm~^  for  the  iniBgationirith  nonzero  The  inatch  of  the 
X- and  y-aiqplitiide  adih  path  panmeter  ia  riiowa  in  HgoK  S. 

We  nextiniKiaed  a  4S**qaadmp0le  nu^  »  SxlO'^cin'^ 
ia  e^iioa  6.  The  x-  and  y-angdiiiidea  eemain  aubetantiaDy 
unchanged.  Ixtt  the  orientation  of  the  princ^Ml  axea  of  the 
ellipae.K'Bnpa  ftom  0**  to  atxax  2^  within  the  quadcopok  and 
iiKieaaee  only  doady  alter  that  (Figue  6). 


SlT  s  10  14  20 

s2-4 

Hgixe  3.  Contour  plot  of  ell^iae  x-anplitnde  aa  a  ftioctioa  of 
focoa  and  qoadrapok  parametera  al  and  a2  reapectiwely. 

Soknoid  focoaaing  atiengih  q?/po  *  1.2x10'^  al  -i-  S.lxlO*^ 

cm*^.  Qoadnipok  focoaaiog  atieagth  kj  =  7.5x10'^  a2  - 

8.25x10'^  cm~^.  10  equally  placed  contooca  between  0.46 
(Made)  and 86.91  (white)x 0.72  mm. 

V.  CONCLUSIONS 

A  aet  lOtfa  Older  envelope  eqaationa  waa  applied  to  a 
apaoe-cfaaige  dondnated  electron  beam  ^atem.  Mixing  waa 

introdooed  by  impoaiiig  a  43*^  qoadnqwk  atiengd>.  ud  die 
change  in  orientation  at  the  elliptical  envelope  followed 
throqgh  to  die  image  plane  and  beyond.  A  eketroo  beam 
optical  CAD  program  SIBER  now  exiatt  for  inveatigatiqg 
baak  electron  beam  deaiga  and  beam  toning  aenaitivitka. 
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Eigne  4.  Same  aa  Flgne  3.  Contoor  plot  at  ellipae  y- 
ampUtnde  in  nnita  at  0.72  mm.  10  equally  spaced  contoma 
between  0.46  (black)  and  117.64  (white)  x  0.72  mm. 
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Egnre  3.  X  and  y  amplitudeaCopper  and  lower),  ia  mitt  of 
0.072  mi,  aa  L  0^  quad  streogdi »  6  J73xl0^  cm'^.  8okaoi'< 
atiengdi=  1.8xl0'^cm'^.  Vertical  linea  divide  icgiona. 

Aimi* 


Rgoro  6.  Ellipoe  orientation  in  deg^eea,  ftom  t^ona  6  to  8 
of  Table  1.  O'*  qoad  atteqgth  =  6373x10'^  cm'^,  aOknoid  = 
1.8xl0‘3cm’2, 45*’quad  atieagdi  =  5x10^  cmr^. 
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Effect  of  Space  Charge  Forces  on  Particle  Tracking 
and  Generation  of  High  Order  Maps* 

Oivki  L  Bruhwiler  and  MidiMl  F.  Retiacb 
Onimman  Cofporate  Reaetfch  Center 
4  bdqMadenoe  Way,  Princeton  NJ  08540-6620  USA 


Ahsma 

TOBKABK  is  a  beam  optics  i»Qgaun  consisting  of  two 
Rxtian  codes  developed  in  pandkl:  a  3-D  high-onkr  mapping 
codeandapmticletncl^code;  both  utilize  a  space  charge 
model  wbicli  treats  the  paificle  bunch  asa  unUbrmly-fllled  3-D 
ellipsoid.  The  mq>  code  uses  the  differential  algebra  library 
DA  [1]  10  feoenlB  an  aildbary-Qcder  Taylor  map  describing  a 
given  hutke.  then  the  Lie  idfi^  library  UEUB  [2]  is  used  to 
oUain  the  Dn^-FInn  firntmization  [3]  of  the  corresponding 
Lie  polynomiaL  The  Lie  polynoniial  generated  by  TOP- 
KARK  without  space  charge  has  been  successfully  bench- 
mariced  through  third  order  against  MARYLIE  3.0  [4]  and 
through  fifth  order  against  TLIE  [S].  With  space  charge  on. 
TOPKARK  generates  a  linear  map  that  agrees  well  with 
TRACE  3-D  [Q.  The  tracking  code  uses  a  symplectic  integra¬ 
tion  scheme  [7]  when  space  charge  is  off,  and  it  includes  a 
mme  general  rgrace  charge  model  [8]  which  assumes  only  el¬ 
lipsoidal  symmetry  of  the  ^tial  distribution. 

L  GENERAL  FEATURES  OF  THE  CX)DE 

TOPKARK  has  evolved  firom  an  earlier  code,  which  was 
developed  during  a  oollaboratioa  between  Grumman.  LBL  and 
BNL  [9].  The  mqiping  version  is  a  useful  design  tool,  while 
the  tracking  version  is  a  useful  diagnostic  which  resolves  any 
ambiguities  regarding  very  high  order  effects  that  might  be 
missed  by  Lie  algebra  or  mi^ping  eodes  and  is  also  required 
for  dynamic  q)ature  studies. 

A.  Map/^g  Version 

TOPKARK  employs  a  fourth-order,  adiqitive-step-size, 
Runge-Kutta  integration  scheme  [10]  which  provides  g^  ac¬ 
curacy  and  reasonable  computational  qreed.  The  differential  al- 
gdxra  library  DA  [1]  is  used  to  generate  a  high-order  Taylor 
map  expanron  of  the  dynamical  variables  about  dw  design  tra¬ 
jectory  (in  practice  up  to  fifth  order  has  been  used)  step  by 
numerical  step  along  the  length  of  the  lattice.  This  map  is 
used  to  prtqxigate  the  ^tial  moments  of  the  (assumed)  initial 
particle  disoibotion  firom  one  integration  step  to  the  next 

At  each  integration  st^,  a  3-D  uniformly-filled  ellipsoid  is 
constructed  according  to  the  calculated  spatial  moments.  The 
exact  linear  electric  fields  associated  with  this  ellipsoid  are  cal¬ 
culated  [1 1]  and,  in  combination  with  any  magnetic  fields,  are 
used  to  advance  to  the  next  stqp.  At  the  end  of  the  lattice,  the 
final  Taylor  map  is  used  to  calculate  the  emittance  and  Twiss 
parameters  of  the  final  distribution.  The  Lie  algebra  library 
UEUB  [2]  is  used  to  obtain  the  Dragt-Finn  [3]  factorization 
of  the  Lie  j^ynondai  conesptmding  to  this  final  Taylw  mtq). 

*Suppor^  by  ER&D  funds  of  Grumman  Aerospace  C(»p. 


The  code  includes  two  tqKimizing  routines,  one  baaed  on 
the  downhill  simplex  method  [10]  and  another  based  on 
Powell's  method  [10].  Either  of  these  algorithms  can  be  used 
by  a  matching  routine  that  sets  the  final  transverse  Twiss  pa¬ 
rameters  to  specified  values  by  modifying  any  four  of  the  lat¬ 
tice  parameters.  This  matching  rmitine  has  bm  successfully 
used  both  with  and  without  q>ace  charge. 

Another  ^pe  of  matchlrijg  routine,  which  can  also  use  ei¬ 
ther  of  the  optimizing  algorithms,  is  used  to  zero  specified 
terms  in  the  Lie  polyrtomial,  sometimes  while  simultaneously 
satisfying  other  imposed  constraints.  For  example, 
TOPKARK  can  determine  the  required  strengths  of  three  (m' 
more)  octupoles  in  order  to  eliminate  third-order  geometric 
aberrations. 

fi.  Tracking  Version 

This  versirm  currently  exists  as  a  test-^nrticle  tradcing  code 
which  integrates  the  full  equations  of  motion,  using  a 
Hamiltonian  formalism  and  an  exjdicitly  symplectic  fourth- 
order  integration  scheme  [7].  The  code  has  been  used  and 
tested  extensively;  in  particular,  the  second  moments  obtained 
at  the  end  of  example  beam  lines  often  agree  well  with  the 
second  moments  jnopagated  by  the  mapping  version. 

TOPKARK  can  generate  a  six-dimensional  phase  space  el¬ 
lipsoid  of  initial  conditions,  which  yields  the  desired  Twiss  pa¬ 
rameters  in  each  of  the  two-dimensional  phase  planes. 
Distributions  currently  supported  include  a)  uniformly-filled 
ellipsoid  in  qrace  with  gaussian  distribution  in  momentum 
and  b)  gaussian  distribution  in  space  and  momentum.  The 
code  can  also  read  in  a  file  of  initial  conditions  for  tracking, 
and  it  outputs  the  Twiss  parameters  and  particle  positions  as 
desued. 

Three  distinct  q»ce  charge  models  (described  below)  are  he¬ 
ir^  implemented  in  the  tracking  version  of  TOPKARK.  Each 
imposes  dlipsoidal  symmetry  on  the  qntial  distribution.  The 
Hamiltonian  formalism  and  symplectic  integration  will  be 
abandoned  for  space  charge  calculations~the  equations  of  mo¬ 
tion  and  the  ftxirth-order  adaptive-step-size  Runge-Kutta  [10] 
integrator  of  the  m^ing  verritm  will  be  used. 

C.  Features  Common  to  both  Versions 

TOPKARK  currently  implemoits  a  number  of  "hard  edge" 
or  uniform-field  magnet  elements,  including  a  dipole  (i.e.  a 
nmmal  entry  and  exit  sector  bend)  and  quadrupole  through 
duodecapole.  Also  available  are  "thin  fringe"  elements  fw 
dipole  and  quadrupole  magnets.  All  of  these  elements,  includ¬ 
ing  the  fringe  fields,  have  been  successfully  benchmarked 
against  MARYLIE  3.0  [4]  through  third  order.  The  fringe 
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fiddoiodd«,«MK»<ghc«lculatBclin<te|wadently.  were  baaed  00 
ideas  devdoped  iievk)usl^  by  Forest  [ 

TC^KARK  also  employs  one  extended-frince  magnet 
model.  This  is  a  line-dipole  model  for  large-bore  magnets 
oonstrucied  from  a  cylindrical  am^  of  magnetized  rods,  includ¬ 
ing  quadnqiole,  ocliqxde  and  duodccapole  configurations  [13]. 
TC^KARK  was  successfuDy  benchmarited  against  TLIE  [S] 
through  fifth-order  in  a  single  test-case  where  these  extended- 
fringe  quadnipole  and  octupole  models  were  used.  New  ele- 
ment  types  are  easily  added  to  the  list  above. 

Both  codes  use  MKS  units,  with  ail  momenta  normalized 
to  the  longitudinal  design  momentum  pq.  We  define  the  lon¬ 
gitudinal  variables  5t*c(t-to)  and  Spx«(Eo-E)/pQC,  and  the 
magnetic  rigidity  Bpiq>(/e.  For  straight  elements,  the  equa¬ 
tions  of  motion  are: 


d5t^±.X. 
(fe  Pz'  (k  pz*  (k  pz  Po* 


(la) 


<fe  "Bp^^ 


By 


(lb) 


The  electric  field  components  Ex  eff,  etc.  include  the  sdf-mag- 
netic  field  of  the  particles  and  relativistic  effects  (see  below). 
The  cmieqxMiding  equations  of  motion  for  bending  elements 
have  been  given  elsewhere  [14]. 

n.  SPACE  CHARGE  MODELS 

We  consider  only  models  with  ellipsoidal  symmetry, 
meaning  that  the  spatial  density  distribution  has  the  form 

p(x,y,6z)  =  pof(u),  (2a) 

where  the  function  u(x,y,Sz)  is  defined  by  the  equation 

u2(x,y,6z)*^+ ^2  +  ^  .  (2b) 

with  a2s<x2>,  etc.  Thus  the  one-parameter  family  of  3-D  el¬ 
lipsoids  defined  by  Eq.  (2b)  are  isodensity  crmtours. 

Such  models  yield  electric  fields  of  the  following  form  (for 
all  points  within  the  distribution)  [15],  [8]; 


ru(x.y,8z)] 


(a2+s)^^  (b^+s)^^  (c^+s)^^^ 


with  analogous  results  for  Eys  and  Ezfi.  These  electric  fields 
are  calculated  in  the  bunch  frame,  then  relativistically  trans¬ 
formed  to  the  lid>orat(Hy  frame. 

The  length  of  the  bunch  as  observed  in  the  lab  frame  is 
shortened  due  to  relativistic  length  contraction,  so  the  lab 
frame  distribution  is  first  sbetched  out  in  the  z-direction  before 


calculating  the  fields:  SzBaOO&L*  This  reduces  the  particle 
density:  nB^nL/yg,  so  ExB>  EyB>  CzB  sre  all  reduced  by  a 
factor  Yo  fio<n  what  one  would  naively  calculate  in  the  1^. 
However,  the  fact  that  the  distribution  is  stretched  out  in  z  ef¬ 
fectively  increases  the  value  of  Ezb  by  Tig  at  the  position  of 
each  particle,  thus  negating  the  decrease  in  EzB  noted  above. 
This  stretching  of  the  bunch  also  alters  the  geometry  of  the 
distribution,  which  affects  the  values  of  all  three  components 
of  Eb  accordingly. 

Particle  velocities  are  neglected  in  the  bunch  frame,  so  die 


Lorentz  transformations  yield: 

El"-Eb’;  El-^mEb-^  ;  (4a) 

Bl"  =  Bb"  =  0 :  Bl-^  -  To  Bb  X  Eb/c  •  (4b) 

The  Lorentz  force  equation  is: 

^Fl  =  El  +  vxBl.  (4c) 

Combining  these  results  yields  an  ^ecdve  electric  field: 

ELeff=EB“  +  EB'Vy’0  •  (^ 


This  is  the  quantity  used  to  advance  the  ptuUcles.  The  longi¬ 
tudinal  field  is  altered  by  geometric  effects  only,  while  the 
transverse  fields  are  afro  reduced  by  a  factor  of 

A.  Mapping  Version 

TOPKARK  works  with  a  Tayltv-series  expansion  about 
the  design  trajectory,  so  the  obvious  question  arises:  How 
then  does  one  propagate  a  particle  distribution  down  the  beam¬ 
line?  This  has  be»  explained  in  detail  elsewhme  [14],  but  es¬ 
sentially  one  calculates  the  second  moments  at  a  givmi  point 
in  the  lattice  by  using  second  and  higher  moments  of  the  ini¬ 
tial  distribution. 

Of  course,  we  must  assume  a  convenient  initial  distribu¬ 
tion  function,  and  one  that  is  consistent  with  our  assumption 
of  a  uniformly-filled  3-D  ellipsoid  in  space.  Such  a  distribu¬ 
tion  has  been  found  and  implemented  [14].  The  iHojection  of 
this  distribution  in  the  x-px  plane  has  the  form: 


for  x2^exPx  (otherwise,  g=0).  We  are  using  RMS  Twiss  pa¬ 
rameters,  which  means  that  <x2>3EexPx  •  and 

<Px2>b£xYx.  The  linear  bunch  frame  electric  fields  can  be 
found  aitalytically  in  terms  of  complete  elliptic  integrals  [11]. 

B.  Tracking  Version 

Three  distinct  qpace  charge  models  are  being  implemented 
in  the  backing  code.  One  assumes  a  uniformly-filled  eUipsoid 
in  qmce,  for  which  f(u)sl.  Another  assumes  a  gaussil^  ellip¬ 
soid  in  space,  for  which  f(u)sexp(-u2/2).  The  third  iS|B  more 
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imai  adwne  dbvdoped  by  Cbraett  and  Wangkr  (8]  in 
it  Foorier  eqMBded. 

The  anifbnn  model  will  stwt  with  the  same  distribulum 
hmetioB  at  it  attumed  by  the  mapping  code.  This  genial 
foim  will  contiBue  to  be  inqnsed  on  the  actual  particle  distri¬ 
bution.  w^  only  the  seco^  moments  being  determined  di¬ 
rectly  fiom  the  particles.  The  extent  to  adiich  this  imposed 
form  is  actually  preserved  by  the  particles  will  provide  a  direct 
diedc  on  the  validiQr  the  mapping  code. 

For  particles  widiin  the  bounds  of  the  assumed  3-D  ellip¬ 
soid,  the  purely  linear  qxice  charge  forces  can  be  found  analyt¬ 
ically  in  terms  of  comfdete  elliptic  integrals  [11].  For  those 
few  partictes  outtitte  these  bounds,  the  now-nonlinear  fields 
ctm  be  calculated  analytically  in  terms  of  incompiete  elliptic 
integrals  [11],  requiring  the  {dutse-Uke  quantity  X,  which  is  the 
real  positive  root  of  the  following  equatirm: 


The  gaussian  model  has  been  used  previously  [IS],  al- 
thou^  not  in  a  beam  optics  code  like  TOPKARK.  Here,  the 
integrals  cannot  be  evaluated  in  closed  form.  The  favored  nu¬ 
merical  method  [8],  [13]  is  to  use  ten-point  gaussian  quadra¬ 
ture  [10].  In  this  model,  the  space  charge  forces  will  have 
strong  nonlinear  conqionents.  The  extent  to  which  an  initial 
gaussian  distribotion  is  preserved  and  the  extent  to  which  the 
results  of  this  model  differ  firom  those  of  the  uniform  model 
will  help  to  clarify  the  relative  importance  of  how  one  models 
the  bemn  distribution  for  high-brightness  high-ortter  beam  q;)- 
tics  applications. 

For  the  mote  general  scheme  of  Garnett  and  Wangler  [8], 
i(u)  is  left  arbitrary.  One  Fourier  expands  f(u),  obtaining  the 
expansion  coefficients  directly  from  the  particle  positions.  It 
was  shown  [8]  that  keeping  the  first  six  terms  of  the  expan¬ 
sion  is  inobably  adequate.  Again,  ten-point  gaussian  quadra¬ 
ture  will  be  used  to  evaluate  the  electric  fields. 

ffl.  DISCUSSION 

The  mapfdng  code  has  already  demonstrated  [14]  that  three- 
dimensional  qmce  charge  forces  cause  a  new  class  of  geometrk: 
aberrations  to  appear.  These  aberrations  result  from  the  intro- 
ductitm  by  space  charge  of  an  asymmetry  in  the  longitudinal 
variable  in.  This  result  is  contrary  to  the  physical  intuidon 
develtqred  fiom  die  use  of  linear  codes  with  3-D  space  charge 
models  and  high-order  optics  codes  with  2-D  models.  This 
result  was  partially  ctmfirmed  [14]  in  a  given  example  by 
comparison  with  the  PARMILA  code,  and  the  results  are  con¬ 
sistent  [14]  with  analydc  consideradons  based  on  a  Green's 
functitm  qiproach  to  estimating  nonlinear  effects  [16]. 

Our  qiptoadi  is  faster  and  simpler  than  a  pardcle-in-cell 
(PIC)  or  point-to-point  pardcle  code,  and  it  is  free  of  Uie 
strong  numerical  noise  associated  with  siKh  codes.  On  the 
other  hmid.  because  we  impose  a  smooth  form  on  the  distribu- 
don,  we  must  be  in  a  regime  where  the  combined  field  of  the 
particles  is  predomiiunUy  smooth  and  individual  collisions  are 
a  secondary  effect  This  comfidon  is  generally  sadsfied  [17]  if 
tlwre  are  many  particles  within  a  Debye  sphere. 


The  algorithms  used  by  TOnCARK  cannot  follow  the  de- 
velqixnent  of  any  structure  within  a  bundi  (unless,  in  the  case 
of  die  Garnett  a^  Wangler  scheme,  such  structures  preserve 
ell4>soidal  symmetry),  such  as  might  arise  due  to  plaana 
waves  or  instabilities.  Thus  the  transit  time  through  a  latdce 
should  not  be  much  longer  than  a  idasma  period  [17]. 

IV.  CONCLUSIONS 

The  nuq>ping  version  of  TOPKARK  is  a  tested  and  reliable 
hi^-order  optics  code  in  which  aTRACE3D-like  spaco  charge 
model  has  b^  successfully  implemented.  Implementadon  of 
three  distinct  space  charge  modeb-unifotm,  gaussian  and  more 
general-into  the  tracking  version  is  curremly  under  way. 

Used  in  a  complementary  fashitm,  the  nuking  and  track¬ 
ing  versions  of  TOPKARK  will  provide  a  unique  tool  for  in- 
vesdgating  basic  physics  issues  associated  with  space  charge. 
These  codes  will  also  serve  as  powerful  design  and  diagnostic 
tools  for  high-brighmess  beam  optics  iqqilications. 
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Abstract 

Loagitai^^iiial  dynamics  of  space-charge  dominated 
pandwiic  Im^s  has  been  studied  at  the  University  of 
Maryland  Electron  Beam  Transport  Facility.  In  this  paper  we 
rqport  resiiltt  which  emphasis  expetimem.  while  munerical 
simnlation  studies  are  presented  in  another  paper  in  this 
proceedings  [1].  Excellent  agreement  is  found  between 
experiment,  simulation  sad  theoretical  prediction. 

I.  INTRODUCTION 

The  longitudinal  dynamics  of  space-charge  dominated 
beams  has  b^  theoretically,  experirnentally  and  numeriepUy 
studied  at  the  University  of  Muyland.  One  (tf  the  objectives 
is  to  study  the  pardbtdic  bunch  which  is  important  to  both 
theory  and  appUcatkm.  The  longitudinal  bunch  model  with 
parnboUc  line  charge  density  has  been  developed  by  L.  Smith 
and  D.  Neoffer  [231.'Siiioe  the  self-forces  are  linear  this  model 
plays  a  similar  role  for  the  longitudinal  dynamics  as  the 
uniform  density  K-V  distribution  for  ihe-transvme  dynamics. 
We  note  that  a  parabolic  beam  was  observed  as  die  final 
equilibrium  state  at  the  Indiana  University  Cydotron  Facility 
[4].  A  systematic  experimental  and  numerical  study  will 
check  the  validity  of  the  theoretical  model  and  can  contribute 
10  better  understanding  of  the  beam  physics. 

n.  THEORETICAL  MODEL 

The  longitudinal  space<baige  field  can  be  approximately 
calculated  as  fidlows  [5^6] 

0) 

where  z  is  the  distance  from  the  center  of  the  beam  bunch, 
A(z4)  is  the  line  charge  density  at  a  kmgiuidinal  distance  s 
traveled  by  the  beam  bunch  center,  and  the  geometry  factor  g 
is  a  function  of  the  ratio  of  the  pipe  radius  b  over  the  beam 
radius  a,  where  2Z  is  the  bunch  length,  g  can  also  depend  on 
the  ratio  Z/a  when  Z/a  become  comparable  to  unity  [6]. 
Neuffer  found  a  self-consistent  distrilNition  function  of  the 
longitudinal  phase  q»ce  that  gives  a  linear  force  and  velocity 
disttibotion  and  a  preserved  parabolic  bunch  shape.  It  is  a 
solution  of  the  Vla^  equation.  The  evolution  of  the  bunch 
length  is  described  by  the  kmgitudinal  envelope  equation: 


2gZ.Ip((l  j  c 


(2) 


*  Rcfewch  Supported  by  the  U.S.  Deperunent  of  Energy. 


where  2Zi  and  lp(0)  are  the  initial  bunch  length  and  peak 
current,  respectively,  I(^1.7xl0*  anqieres  is  Oe  characteristic 
current  for  electrons,  fi,pV(/c,  Vo  is  the  beam  cemervdocity,  c 
is  the  speed  of  light,  and  et  is  the  longitudinal  emittance  of 
the  beam.  If  the  space-charge  term  is  dorninam  over  the 
emittance  term,  (20  times  larger  in  this  expetimem),  then  an 
analytical  expressioa  for  Z  is  given  in  Ref.  (7].  If  the  initial 
velocity  is  a  linear  fiinmion  of  z,  then  it  remains  linear  and  its 
slope  is  determined  by  Z* . 

In  this  one-dimeruional  model  the  longitudinal  and 
transverse  dynamics  can  be  coiqiled  through  the  geometry 
factor  g,  which  reflects  the  boundary  condition  and  bmeh 
dimensions. 

in.  EXPERIMENTAL  SETUP  AND  METHOD 

The  experimental  configuration  is  illustrated  in  Ref.  [7]- 
The  electron  bunch  is  proAioed  by  a  newly  developed  electron 
beam  injector  which  consists  of  a  variaUe-perveance  election 
gun,  an  induction  acceleiation  module,  and  three  matching 
lensis.  The  parabolic  beam  profiles  can  be  generated  by 
contndliag  the  pulse  shape  qjfdied  to  the  grid  of  the  gun.  An 
initial  velocity  tilt  can  be  imparted  to  die  beam  by  the  time- 
varying  acceleration  volt^  of  the  induction  gap.  as  shown  in 
Hg.  1.  Then,  the  beam  is  matched  into  a  S-m  long  periodic 
focusing  channel  consisting  of  36  short  solenoidal  lenses. 

The  typical  initial  beam  parameters  in  this  experiment  are 
2.S  keV  energy,  20  mA  peak  current,  26  ns  pulro  duration. 
The  beam  currem  profiles  are  measured  by  fak  beam  current 
monitors  and  a  fast  Digitizing  Signal  Analyzer.  The  beam 
center  velocity  cSq  and  energy  can  be  obtaiiied  by  the  time  of 
flight  method.  The  acceleration  gap  voltage  at  the  beam  center 
can  be  calculated  by  subtracting  the  2.S  keV  beam  energy 
before  the  g^.  Matching  it  in  Fig.  1.  one  can  figure  out  the 
initial  velocity  tilL 

The  parabolic  beam  is  produced  and  matched  into  the 
channel.  Without  the  induction  acceleration  the  bunch 
expands  and  the  current  reduces,  while  with  the  acceleration  the 
bunch  is  compressed  to  a  waist  then  expands  after  that 

rv.  EXPERIMENTAL  RESULTS 

A.  Longitudinal  envelope  measurement 

To  verify  the  envelope  equation,  the  bemn  current  profiles 
are  measured  at  S  different  locations,  shown  in  Fig.  2  fra  the 
expansion  case  and  in  Fig.  3  for  the  compression  case.  They 
are  fitted  by  ideal  parabolic  curves  to  obtain  the  bunch  width, 
i.e.  the  longitudinal  envelope.  The  envelope  evolution  is 
plotted  in  Fig.  4  for  different  initial  velocity  tilts  in 
comparison  with  the  calculation  of  the  envelope  equation. 
They  are  in  very  goodagreemem. 
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O.  QW9MIMI  MMMnnni 

Tb  dMCk  liM  ijawrity  of  tbe  ipace^liarge  foice  and 

«—>gy  U  m— ^  1  Mtktmt 

locMioaa.  A  Qrpical  bean  vdoeiqr  va.  time  is  pkNted  m  Fig. 
S  MMl  fitted  Iv  a  ami^  line.  Tbe  slopes  are  pkned  and 
conpawd  wkh  tbe  envelope  calculatioo  in  Fig.  6  for  the 
fl9l|pltttt0B  CSfllO  Sttd  in  7  ftv  iho  CS96« 

Clbe  ttansvene  oonpHng 

Toexplom  tte  osnsvesse  ooiqdiBg  eObct  we  have  done  tbe 
mpasnements  widi  tbe  smne  kM^tudinal  conditioos  but 
dURtrent  ttansvene  fixasi^  Le.  dtfihreat  beam  adius.  The 
enerimental  remits  plotted  in  Fig.  8  show  that  (hie  to 
wferent  ttmtsvene  fbcnsiag  the  earelope  evoluiioa  changre 
bn  still  ob^  the  envdope  equation,  however  g  values  are 
difftten  for  each  case. 

In  calculna^  the  theoretical  curves  we  assumed  that  the 
lawMiiw  ^iiMMiri  This  assunqNion 

gave  su^ptising^  gnod  agreement  with  the  <<<*» 

However,  since  die  beam  tatlius  varies  along  the  bmidi  and 
also  akmg  the  chunel  one  does  not  expect  g  to  remain 
constant.  In  poetke  it  is  not  an  en^  task  to  determine  the  g 
fiKtor  withon  experimental  measurement  or  2-D  computer 
simulatioo.  Nevertheless,  work  is  underway  to  calculate  the  g 

fitrtnr  tiy  wMWMwirAl  matluvU 

Wb  also  have  looked  into  how  critical  the  transverse 
maichiiv  condiiion  is  to  the  longitudinal  beam  behavior.  In 
the  expetimeat  we  deliberately  mismatched  the  beam  by 
changing  the  matching  leas  fibcusing.  We  found  that  the 
cuRcat  profiles  showed  very  little  change  over  quite  a  wide 
range  of  mismatch  conditions.  When  the  mismatch  became 
too  large  we  started  losing  beam.  These  results  are  confirmed 
by  a  2-D  simulation.  In  the  simulation  the  longitudinal 
dynamics  reroaias  almost  the  same  though  there  is  a  very 
significant  transverse  misinatch. 

VI.  CXDNCLUSION 

An  experimental  study  of  a  space>charge  dominated 
parabtdicb^  has  been  carried  out  Excellent  agreement  has 
been  achieved  between  the  experiment  and  the  longitudinal 
envelope  model.  In  the  experiment  we  have  demonstrated  dial 
the  parabolic  current  profile  is  preserved  and  the  velocity 
distribution  remains  linear  as  a  result  of  the  linear  spnce-charge 
force.  A  constant  g  along  the  transport  channel  used  in  the  l-d 
model  was  found  to  be  a  good  approximation.  However,  g 
changes  significantly  when  the  tnuisverse  focusing  changes 
and  can  be  measured  or  calculated  by  a  2-D  code.  The 
experiment  shows  that  the  transverse  mismatching  has  little 
efteton  the  kmgittidinal  dynamics,  and  this  was  confirmed  by 
the  2-D  simulation. 
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Drift  Dbtaocc  s  (m) 

Fig.  4  Kehtive  partiwlic  bunch  leagihs  Z/Zi  vs.  drift  distance 
diflereat  initial  velocity  tilts,  where  the  cocles  iqaeseni 
experiment  and  the  soBd  curves  theory. 


Hg.  S  Velocity  distribution  of  parabolic  bunch  without  initial 
velocity  tilt  measured  at  Ss3.746  m,  where  the  circles 
represem  experiment  and  the  solid  line  is  linear  ruling. 


Distance  firom  Gun  (m) 


Fig.  6  Slopes  of  linear  velocky  distribution  wfthout  initial 
velocity  tilt,  measured  at  s>0.473.  3.746.  and  S.42  m.  The 
aides  represent  experiment  and  the  solid  curve  theory. 


Distance  from  Gap  (m) 

Fig.  7  Slopes  of  linear  velocity  distribution  with  initial 
velocity  tilt  27i«-0.06,  where  the  circies  rqxesent  experiment 
mid  the  solid  curve  theory. 


Distance  from  Gap  (m) 

Fig.  8  Rebtive  bunch  length  vs.  drift  distance  with  Z1s-0.092 
for  difTcrent  transverse  focusing  strength,  where  the  circies 
represent  experimem  and  the  sdid  curves  theory. 
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Abstract 

A  racent  instalhiiioa  of  paanve  mode  dampen  in  tbe 
Booattf  [1]  has  diminated  most  of  the  longitudinal  nnit- 
tance  blo«^  of  intense  bunches  due  to  coupled-bunch  in¬ 
stabilities.  As  a  lesult,  high  intensity  effects  (negative- 
mass  instability)  dcmiinate  the  pnsent  transition  crossing 
in  the  Main  Ring  for  the  hi^-intensity  cycles.  A  negative- 
mass  stability  limit  is  derived  for  transition  crossing  in  tbe 
Main  Ring  and  leeoit  dMtfvatums  of  high  frequency  rig- 
nals  around  transitkm  is  presaaited.  Finally,  stmie  ptedie- 
tkms  about  the  effect  cS  the  negntive  mass  instabffity  on 
the  tranritkm  in  the  Main  Rbg  with  the  future  upgrades 
are  attempted. 


I.  Introduction 

In  past  years,  coiqded-bnnch  instabilities  in  the  Fnrmi- 
lab  Booster  were  lesponsibls  for  ,  longitudinal  emittance 
blowup  in  very  intense  bunches.  As  a  result,  hi^  intm- 
sity  (larger  Uian  2.0  x  10^”  p)  Booster  bunches  transfored 
to  the  Main  Ring  had  large  longitudinal  emittance  (0.18- 
0.20  eV-sec).  In  that  case,  our  measuremcaits  diowed  that 
ntmluwar  phencunena  were  responsible  fat  the  emittance 
blowup  around  tranmtion  in  the  Main  Ring  [2].  Recmt 
installation  pasrive  mode  dampers  in  the  Booster  cav¬ 
ities  has  eliminated  most  of  the  longitudinal  emittance 
blowup.  In  fact,  the  longitudinal  emittance  blowup  in  the 
Booster  has  been  reduced  by  a  factor  of  3.  Now,  a  2.5x10*** 
Booster  buncb  transferred  to  the  Main  Ring  has  an  emit¬ 
tance  of  0.06  eV-see.  In  this  case,  the  blowup  at  transition 
in  tbe  Main  Ring  has  increased  to  a  factor  of  2.8-3.2  re¬ 
sulting  in  final  longitudinal  emittances  of  0.18-0.22  eV-sec 
after  transitkm.  We  attribute  this  emittance  blowup  to 
a  negative-mass  instability  at  transiticm.  High  frequency 
negative-mass  sqpials  have  been  observed  up  to  7  GHs. 


*Ope(at«d  bv  Um  UnivenitiM  RaMwch  Aacodation  nader  oon- 
tncts  wHIi  the  U.S.  Dapartingnt  of  Energy. 


II.  Experimental  Observations 

For  the  experimmtal  observ^km  of  die  hi^  frequency 
signals,  we  used  a  wall-current  mcnitm  with  a  fiat  fr^ 
qnency  reqxtnse  up  to  6  GHs  located  in  the  Main  Ring 
tnnnd.  Tbe  signal  from  the  wall  monitor  was  brou^t 
upstiuiB  and  was  amplified  with  a  4-8  GHs  amplifier.  It 
was  then  brought  to  an  rf  switch  pand  with  a  switdi  gate 
detomined  by  an  HP  8112A  pulse  generator  triggoed  by 
a  Main  Ring  beam  synchronhmd  clock.  This  was  neces¬ 
sary  in  order  to  reduce  the  noise  in  the  signal  since  thoe 
were  only  84  cooseeutive  bunches  out  at  1113  in  the  Main 
Ring  used  for  our  observations.  Finally,  the  signal 
was  viewed  <m  a  HP8566B  qiectrum  analyser  set  at  the 
sero-qian  mode. 

hi  Fig.  1,  we  diqday  the  observed  rignals  around  tran¬ 
sition  at  frequmdes  4,  5,  and  6  GHs  for  proUm  bunches 
with  initial  emittance  0.07  eV-see  and  2.3  x  10***  p.  The 
units  on  the  votkal  axis  are  5  db  per  division  and  <m  the 
horisontal  axis  2  msec  per  division.  The  transition  time  is 
marked  with  an  arrow.  As  seen  in  Fig.  1,  the  signals  are 
get^ig  stronger  and  mc»e  persistent  with  inctearing  fre¬ 
quency  as  expected  from  the  negative-mass  instability.  In 
this  case,  the  kmiptudinal  mnittance  alter  transition  was 
0.25  eV-sec  oMrresponding  to  a  blowup  of  3.6.  Next  we  used 
a  phase  mismatdi  at  injection  to  blowup  the  Icmgitudinal 
onittance  of  the  bunches  with  initial  emittance  of  0.06  eV- 
sec  and  intensiqr  1.8  x  10***  p.  In  Fig.  2,  we  display  the 
rignals  observed  at  5.0  GHs,  with  two  different  lonptudi- 
nal  miittances  before  transition.  As  expected,  the  5.0  GHs 
signal  is  smaller  for  the  bigger  lon^tudinal  emittance,  and 
dies  away  faster  compared  to  the  signal  in  the  case  with  the 
smaller  emittance.  The  emittance  blowup  at  transition  is 
also  much  smaUer  for  the  bigger  initial  emittance  (a  factor 
of  2  compared  with  3.7). 

III.  Negative-Mass  Blowup 

Hardt  [3]  proposed  a  theory  of  negative-mass  blowup  tha 
takes  into  account  of  Landau  damping.  In  the  absence  of 
space  diarge,  the  spectral  coefficient  of  the  bunch  for  rev¬ 
olution  harmonic  k  is  |es|  =  N^*^^  due  to  tbe  statistical 
fiuctuation  of  the  Nt  particles  in  the  bunch.  As  a  result  of 
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Figure  1:  Ncgtiivr  msM  »ignmU  at  difftftnt  fn:q%f.nc.if.n  for 
hnuchta  with  emitianee  of  0.07  eV-arr.  and  2.2  x  10*"  p. 
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9M»  chaifi,  •  Uowiqp  b«e(iin«i  rigiiiieaBt  whca 
fNMM  t»  oniiir.  Bim  Um  ■urmnution  ii  over  all  Um  loag^ 
tiMiiMl  HMMhe  «r  the  boBch  whea  the  total  boBch  ka^ 
3^  half  radhw  at  tiaaaltkiB  la  an  iategral  BundMr  of  the 
harmoaie  wamlaafth.  Aa  ia  aett-Anown,  tiie  time-integral 
groarthdw  to  apaea  ehaqp  after  traaaitkNi  for  levotntion 
hamieak  k  la  proportional  to  k.  However,  the  qmco* 
dwtfB  imrainatar  fo  s  1  -f  2hi(i/a),  where  a  m  0.5  on 
and  5  m  5.5  an  am,  teqMetivety,  t^  beam  and  beam  pipe 
radu,  atarta  to  diqp  when  k  ~  yR/i,  R  >  1000  m  being 
Uw  the  mean  radinn  of  the  Main  Ring.  In  foot,  it  dtopa  to 
OBO-haifofitavalnevdien  hx  tn  7/t(1.6/6+0.52/a).  There- 
fom  the  integrated  growth  naa  a  maidmum,  whi^  ocevta 
at  he  =  In  oar  caae,  thk  coReq>onda  to  1.8  x  10* 

or  78  Giu.  After  aomming  up  all  the  bunch  modea,  we 
have 


(heff 


\r)  Vhi/twj/V/VV 


(1) 

whoe  £!(  ia  the  maximum  allowable  time  integrated  growth 
at  hamumic  and  is  given  by 


IniVt  —  In 


(2) 


=  k^^/wh,  and  hdr  ~  Sy/Sk^/16.  When  the 
cmieal  coefficient  e  <  1,  thoe  ia  no  blowup  due  to 
negative-maaa  inatability.  In  the  above,  the  coefficient 
(  s  2“»V*3“'VF(2/3)(1  -  »/4),  A  ia  the  bunch  area  in 
eV-aec,  £«  ia  the  proton  rest  energy,  and  is  the  claaaical 
protem  radiua. 

The  hi^ieat  intensity  in  out  meaauianent  was  Nt  s 
2.2  X  10**  protons  per  bunch.  The  transition  gamma  is 
y  =  18.85,  the  rate  ci  acceleration  across  transition  is 
7  «  90  a~*  at  the  ayncimmoua  angle  d*  =  80*.  The  blowup 
coefficient  e  for  varfoua  bunch  areas  at  such  high  bunch  in- 
toiaity  are  given  in  Thble  1.  The  non-adiabatic  time  is 
3.4  msec. 


IV.  Conclusion 


Bondi  Area 
Mf-a) 

dunch  Length 
(n^ 

e 

Ec 

040 

IP® 

~4W 

TS" 

0.050 

0.490 

2.34 

8.83 

0.080 

0.537 

1.49 

9.78 

0.070 

0.580 

1.02 

9.74 

0.080 

0.820 

0.73 

9.71 

0.100 

0.893 

0.42 

9.88 

0.120 

0.759 

0.27 

9.81 

0.140 

0.820 

0.18 

9.57 

0.180 

0.878 

0.13 

9.54 

0.180 

0.929 

0.10 

9.51 

0.200 

0.980 

0.08 

9.48 

0.220 

1.027 

0.08 

9.48 

0.240 

1.073 

0.05 

9.44 

ThUe  1:  Neg^ve-maaa  blowup  coeffidoit  vs  bunch  area 
at  bunch  intensity  2.2  x  10**  per  bunch. 


Bunch  Area 
(eV-s) 

Bunch  Length 
(ns) 

e 

Ec 

0.040 

0.438 

13.08 

10.19 

0.050 

0.490 

7.52 

10.13 

0.080 

0.537 

4.79 

10.09 

0.070 

0.580 

3.27 

10.05 

0.080 

0.620 

2.35 

10.02 

0.100 

0.693 

1.35 

9.98 

0.120 

0.759 

0.86 

9.91 

0.140  : 

0.820 

0.58 

9.88 

0.180 

0.876 

0.42 

9.84 

0.180 

0.929 

0.32 

9.81 

0.200 

0.980 

0.24 

9.79 

0.220 

1.027 

0.19 

9.76 

0.240 

1.073 

0.15 

9.74 

Ihble  2:  Negative-maaa  blowup  coefficient  vs  bundi  area 
at  bunch  intensity  4.0**  per  bunch. 
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A  negative-mass  instability  is  dominating  the  transition 
ctoaaing  in  the  Main  Ring  with  the  present  emittances  and 
intoiaities.  The  eq>enmental  data  are  in  agreement  with 
the  n^ative  mam  instability  threshold.  In  the  next  ccdlider 
run,  Main  Ring  is  e]q>ected  to  accept  bunches  with  inten¬ 
sity  up  to  4.0  X  10**  p.  The  emittance  of  these  bunches 
k  expected  to  be  0.11-0.12  eV-sec.  (following  the  Booster 
longitudinal  emittance  vs  intensity  curves).  In  this  case, 
the  cal  latkm  in  Thble  2  shows  that  the  instability  thresh¬ 
old  e  icjnains  about  1;  i.e.,  things  will  not  become  worse 
than  now.  tf  the  Booster  emittance  remains  at  0.08  eV-sec, 
however,  e  becomes  5.  Thai,  the  blowup  around  transition 
win  become  mudi  worse  than  now  and  there  will  be  more 
beam  lorn. 
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Absiraet 

At  ike  Hfaiga  iatouitjr  ti  1.S  x  10^*  ppp,  tke  tpaee  ckaige 
taae  ■hifl  ia  Uw  AGS  BcKMter  at  itgeetioB  has  been  otir 
matad  to  be  about  0.35.  Tkeiefen,  the  beam  k  ipiead 
on*  away  lower  order  teeoaaaee  liace  aad  ike  etopbaade 
kam  to  be  corrected  to  auaiaike  ike  aaiidhnde  growtk 
by  pioper  compeaaatkm  of  tke  driving  karmouiee  reeult- 
iag  ft«B  taadoai  enon.  The  obaenratioB  aad  conectioB 
of  aecMd  aad  tkird  order  reeoaaace  etopbaade  in  the  AGS 
Booeter,  aad  the  cetabBekmeat  of  a  freorable  operataig 
poiat  at  hidi  iateaeity  are  dkcnaaed. 

1.  INTRODUCTION 

The  AGS  Booeter  begaa  operatioa  [1]  ai  1902,  ddiveriag 
beam  at  oae  tlaid  tke  deaga  iateaeity  of  1.5  x  10^  ppp. 
Aa  haportaat  port  of  tke  <»gaiBg  eSint  to  reach  the  de- 
■ga  iateaeity  hae  beea  the  conectioa  ot  the  eeeoad  aad 
third  <»der  reeoaaace  Mbce  oecouateied  by  the  beam  dor- 
iag  auwtioa  aad  eady  accderation.  Tke  Booeter  operatee 
with  tke  hMkoBtal  and  vertkal  tuaee  (Q«  aad  Q^)  be¬ 
tween  fimr  and  Sve,  aad  at  the  deaga  iateaeity  the  epaee 
darge  tune  ehift  hae  been  eetimated  to  be  about  0.35  at 
aticetkm.  With  the  amniaal  operating  point  at  =  4.82, 
Qf  =  4.83  eeveral  of  the  eeeoad  and  third  order  Haeeekown 
ia  Figure  1  are  therefore  eaeouatered  aad  the  aeeociated 
Btqpbaada  maet  be  corrected  in  order  to  minimise  beam 
lose.  The  second  and  third  order  resonaaces  and  the  types 
of  Sdd  which  ezdte  them  are  listed  bdow: 

Second  Order  (exdted  by  qBadmp<de  Sdde): 


S.0 


4A 


4^ 


4.4 


4.2 


4.0 


2g,-g.  =  8,  2g,-g,  =  4  (5) 

Third  Order  (ezdted  by  skew  sextupok  ftelde): 

8g,  =  i4,  g,-i-2g.  =  i4  (6) 

3g,  =  i3,  g,  +  2g,  =  is  (7) 

2g.-g,  =  6,  2g,-g,  =  4  (8) 
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Figure  1:  2nd  and  Srd  Order  Resonances 


2g.  =  9,  2g,  =  9  (1) 

Second  Order  (excited  by  skew  qnadrupole  fidde): 

g.+gr  =  9,  g.-g,  =  o  (2) 

Third  Order  (exdted  by  sextupok  fidde): 

sg.  =  i4,  g.-f2g,  =  14  (3) 

sg,  =  i3,  g.-h2g,  =  i3  (4) 


*  Week  pet  faiiiwd  under  the  of  the  U.S.Dq>t.  ofGnergjr. 

tPWBuaeat  adilMM,  KEK 


Tke  reeoaaaee  eorreetioa  system  [2,  3]  emidcqrs  anxil- 
iaty  wiadingi  placed  on  qnadmpoke  and  soctupoks  whose 
maia  wiruiings  serve  to  a^uet  the  maduae  tunes  and  ehro- 
matkities.  Special  windings  on  the  correction  dipdes  ino- 
duce  the  required  skew  qnadmpdes,  and  passive  windings 
(» the  dipok  vacuum  chambers  compensate  the  sextupt^ 
fields  produced  by  eddy  currents  [4].  The  various  wind- 
iagi  arc  exdted  so  that  qqtrqpriate  anmuthal  harmonies 
are  laodueed  udueh  compensate  the  resonance  driving  har¬ 
monies  resaltiBg  fonn  random  magnetk  fidd  errors.  The 
system  k  e^abk  of  eorrectiag  resonances  (1-4)  shnnltaae- 
ously,  Le.  it  can  correct  each  of  these  resonaaces  without 
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lAtifeiiS  IIm  cometfoK  of  tk«  oflMu*  TIM  (toHiaiaf  mo* 
anaw  (|ht)an  Mlkot  dHbioim  wooioaiwi  ot  wooaoarw 
oariM  tgr  ■haw  msimfokt  Mds.  TImm  mm  mi  eomid* 
Nod  la  Ibi  dmiofoat  of  tho  toiiociioa  oAobio  boeaan 
tlMgr  VM*  ttoai^  io  bo  idaiivol^  mak.  Boirom,  daiiBg 
aoaiM  of  oar  atadko  «•  fitaad  tliat  the  daw  antopok 


loaoBMwaa  (•)  aia  aetaaQi'  qaito  etraafi  aad  as  a  rank, 
wiadfaqp  wan  plaead  oa  eiktiag  magaote  ia  the  nag  to 
pBodaaa  faat  ikew  aextapoks.  Sahaeqaeat  eapeitatka  of 
thoaa  aagasts  lodaeed  loaees  agaHkaathr.  Aaether  aaea- 


podid  soates  of  beam  loea  was  the  preenoe  of  a  stioag 
aiath  hanarak  ia  the  aestapok  Adda  atoaad  the  marhiBe 
aHUch,  das  to  radial  di^laeoaeat  of  the  orbit  ia  the  sex- 
tapolee,  drives  the  qaadrapok  icaonanees  (1).  The  kaa 
was  todaeed  bf  erdtjag  aveOabk  aextapok  ariadiaga  to 
piodaM  a  aiath  haimoak  aextapde  field. 

Resoaaacea  (1-S)  aad  (6)  wen  obaenred  bgr  progiam- 
aaiag  the  taaea  to  pass  tluongh  each  leaoaaaee  at  vari- 
oae  tiBUB  darmg  the  augaetk  ejrek.  The  beam  iatea- 
aity  was  redaced  to  easue  that  the  ana  oceapkd  by  the 
beam  ia  taae  space  waa  as  saiall  as  poaaibk,  aad  the  kaa 
apoa  traveiaal  of  each  nsooaaee  was  asmsated  by  ob- 
aenriag  a  euealatiag  beam  earreat  traasfiamet.  Figan 
3  draws  a  typical  trace  of  the  beam  eamat  as  a  teaoaaBee 
k  croaeed.  Hen  the  opper  aad  lower  traces  an  respce- 
tivdy  the  beam  earreat  traasfiwmer  aad  the  earreat  ia 
the  taae  qaadrapoks.  The  aaraaat  of  kaa  waa  auasared 
far  several  difiiaeat  eorrectwa  aettiaga  ia  order  to  acea* 
rately  detenaiae  the  aettiag  reqaired  to  miahaiae  the  kaa. 


These  meaaaremeata  wen  laade  at  several  difereat  valaes 


of  the  field,  B,  aad  dB/di  to  detenaiae  the  depeadeace  of 
the  reqaired  eorrectwa  oa  these  parametera.  The  tesaks 
of  the  measareraeats  aad  the  effects  of  the  correctioos  oa 
the  overafl  beam  iateaaity  an  aaaiaiariaed  ia  the  fiaHowiag 
aectloBS. 


Figan  2:  Beam  Loss  apoa  Croaaiag  a  Reaoaaace. 


saggested  a  aiath  harmoak  aextapok  fidd.  Beam  parti- 
cks  whose  momeatam  diffen  by  Sp  fitom  the  coitral  mo- 
araatam  woaU  thea  see  a  aiath  hamraak  qaadrapok  fidd 
whkh  k  proportioaal  to  Sp  aad  thk  coaid  prodaee  the 
observed  kaa.  We  foaad  that  by  iatrodadag  a  aiath  har- 
moak  with  avaikUe  aextapok  wiadiags  we  coald  dual- 
aate  the  depeadeace  of  the  reqaired  eorrectwa  oa  radhu 
aad  redace  the  reddaal  loss  to  aboat  4%.  It  k  posatbk 
that  the  reaiaaeat  Adds  of  the  scxtapok  augaeta  ased 
to  adjast  the  chroaiatkities  an  reqwaaibk  fi«  the  aiath 
harmoak  aextapok  fidd. 


n.  QUADRUPOLE  CORRECTION 

The  coneetioaa  reqaired  for  reaoaaaces  (1)  wen  foaad  to 
have  the  fidkwiag  depeadeace  oa  B  aad  dB/di’. 

C«  =  25  +  IlOH  +  5.0B,  5,  =  -172  +  160H  -  1.9B  (9) 

for  the  2Qg  —  9  reaoaaace,  aad 

Cy  =  147  +  90B  +  5.0B,  5,  =  -192  +  54H  -  6.0i  (10) 

for  the  2Qf  =  9  reaoaaace.  Hen  C  aad  5  an  proportioaal 
to  the  cosiae  aad  siae  compoaeata  of  the  9th  harmoak 
qoadrapde  fidd  aad  the  naits  of  B  aad  dH/dt  an  kG  aad 
kG/a.  The  oaita  of  eorrectwa  have  beea  chosea  for  taaiag 
ctmveakace. 

Daiiag  the  conm  of  determiaiag  then  correctkms  we 
foaad  that  we  eoaU  aot  comideteiy  fKiniaate  the  kaa  as 
the  resoaaacea  wen  crossed,  aad  with  a  croaaiag  speed 
of  0.01/ma  the  reddaal  kaa  was  about  20%.  We  iaitiaBy 
thought  that  as  18th  harmoak  oetapok  fidd  aught  be  re- 
sprmaiUe  for  the  kaa,  but  thea  foaad  that  the  required  cor- 
reetkm  vary  liaearly  with  the  orbit  radius  whkh  stroa^y 


in.  SKEW  QUAD  CORRECTION 

The  correctioas  required  for  reaoaaaees  (2)  wen  fouad  to 
depead  oa  B  but  aot  oa  dB/dt: 

C^  =  40  +  50B,  5.y  =  -100  +  30H  (11) 

for  Qm  +  Qf  =  9  resooaace,  aad 

C  =  -180+140B  (12) 

for  the  Qs  —  Q,  =:  0  reaoaaace.  Hera  C,,  aad  5xy  an 
proportwaal  to  the  eoaiae  aad  siae  compoaeata  of  the  9th 
harmoak  skew  quadrupde  fidda  aad  C  k  proportioaal  to 
the  aeroth  harmoak  of  then  fidda.  As  befora,  the  oaita  of 
eorrectwa  have  beea  chosea  for  taaiag  eoaveaieaee. 

As  with  the  correctioaa  for  reaoaaaces  (1)  we  fouad  that 
we  could  aot  completely  diminate  the  lorn  as  the  Qg  + 
=  9  reaoaaace  waa  crossed,  aad  with  a  croaaiag  speed  of 
O.Ol/au  the  residual  kn  waa  aboat  20%.  We  suspect  that 
the  reaidoal  kn  k  doe  to  a  aiath  harmoak  skew  sextupde 
field,  but  we  have  aot  yet  coafirmed  thk  hypotheak. 
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IV.  SEXTUPOLB  CORRECTION 


TW  oomctfaMU  te  moaMirw  (S)  twn  fimad  to 

dipwd  OB  dB/dl  bat  oalr  iiwkir  oa 

C«sS0-|.0F  +  S.6J^,  5;  =  -90  +  a0B  +  <.0B  (IS) 
fet  ^  SQs  =  14  teMuiM,  nd 

C^»0  +  lSR<f4.7i,  S;^sl20  +  SB  +  a.6B  (14) 

fM  the  Q»  +  a^  =  14  iwouBcc.  Hoe  C  ud  5  an 
pwportioBal  to  tin  eona  aad  aaa  eotapoBaata  of  tbe  Mtb 
hamoHit  aaslapab  idds. 

V.  SKEW  SEXT  CORRECTON 

Aa  imnoaaijr  meatmiad,  naonaaen  (4)  woe  Ibaad  to 
be  qaitc  ateoag  aad  aa  a  leanh,  additioaal  wiadiaga  wen 
pieced  oa  edatiag  magaeta  to  pcodnee  iaat  akew  aex- 
tapolaa.  Theae  woe  ezdted  to  ptodoee  tbe  nqaind  14tb 
bacBMMue  e<»netioe  whkh  waa  foaad  to  depead  on  3  aad 
dB/di: 

=  SS  +  OB  +  OB,  =  40  -  7.0B  +  0.SB  (15) 

Coe  tbe  +  2Qa  =  14  naonaace.  Hen  C  aad  5  an 
pcop<«tkmal  to  die  eoame  aad  aiae  compoaenta  of  the  14tb 
banar '  ie  akew  aextapole  fleUa.  With  tbia  eoinctioB  die 
loaa  npoa  tiaeenal  of  tbe  naoaaaeea  at  a  enaaing  q>eed  oi 
0.01/Bia  waa  ndaeed  fitom  20%  to  4%. 

VI.  INTENSITY  GAINS 

TbaeetheeSeet  oftheconeedoaa  at  bigb  iatenstj,  tbecoc- 
netiona  wen  piogcammed  on  the  high  inteaaity  machine 
cyck  aoeoiding  to  their  meaanied  dependeaciea  on  B  and 
dB/dl.  On  tbia  cycle  beam  ia  iigected  at  B  =  0.15T  with 
dB/dt  =:  ST/a.  Shortly  after  iigeetioa,  dB/dl  increaaea  to 
7  T/a  aad  then  deereaaea  to  1  T/a  near  extraction  when 
B  =  0.52T.  Tbe  effect  of  the  akew  aextnpde  correctiona  ia 
ahown  in  Kgnn  S  when  tbe  upper  aad  lower  tracea  ahow 
the  beam  enrrent  with  theae  correctiona  turned  ON  aad 
OFF.  Hem  the  peak  iateaaity  at  iigection  waa  14  x  10^^  aad 
with  tbe  operating  point  of  Q,  4.78,  Qf  =  4.94  the  final 
iateaaty  jnat  befen  extraction  with  the  akew  aextnpole 
eotteeticHia  tnmed  ON  waa  9.6  x  10^^.  With  theae  correc- 
taona  turned  OFF  the  final  intenaty  decreaaed  to  7.6  x  10*’ 
Pl^.  'nicaing  off  the  aextnpde  correctiona  for  reaonaacea 
(S)  farther  reduced  the  iateaaity  b7  x  10*’  ppp.  The 
qnadrnpole  and  akew  qnadrnpole  correctaona  had  very  lit- 
de  elbet  on  the  iatenaity  at  thia  operating  point,  which  ia 
conajatent  with  the  eatimated  apace  charge  tnne  ahift. 
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L  DfTKODUCnON 

Widi  moR  ml  more  inrenkn  devices  in  stonge 
nags,  when  dm  vacum  chamber  sire  can  be  suddenly 
(HSesent,  kwiiadon  podmta  may  develop,  thus  kms  may  be 
napped  leading  to  beam  blow  up.  beam  instabilides  or  evea 
beamloas. 

One  have  to  taka  a  doser  look  at  dm  stability  condi- 
tipnf  of  dm  ions  in  these  longttwHiift  pomtial  wells.  For 
eqddistant  hunches:  am  dm  ions  dmve  or  below  the  Ac 
cridcal  mass?  For  a  bonch  train  fidlowed  by  a  gap:  is  the 
ion  ot  mass  A  stable  or  unstable  for  a  given  cunem  at  a 
given  azimuthal  location  hi  the  ring?  Are  the  ions  longitudi- 
aaBy  mobile  and  be  hUe  to  get  h>  an  unstable  i^ion?  If 
the  ions  proved  to  be  stable  in  that  region  and  if  their  longi- 
tndinal  kumtic  energy  is  less  then  the  dqith  of  the  potemki 
wen,  then  they  have  to  be  statically  cleared  at  that  locatioo. 

We  are  going  to  mvestigatB  dm  queadon  of  ion  ataUl- 
iQr  in  the  NSLS  X-rey  ring  with  a  .32  m  long  varudde  g^ 
(4>18mm)  nndnlntor  (1)  and  a  .95  m  long  27  mm  gap  nndu- 
laaor  [21  in  it  We  concentrate  our  atiendon  to  CX>  ions 
(Ap^S)  since  th^  are  the  most  bothersome  in  the  ring  (I^, 
being  much  lighter,  they  are  ahnors  more  unstdde).  We  will 
show  dm  effect  of  gap  in  the  bunch  train,  the  effect  of  non¬ 
linearity  in  the  beam  kicks  aid  the  effect  (rf  lestikted  longi- 
tudiaal  mobiliQr  of  ions.  The  methods  used  and  the  calcula- 
dons  performed  are  general  enoogh  to  be  apjdied  to  any 
other  storage  ring  or  accelerator,  thus  rqxeaeating  gaienl 
interest. 

2.  BEAM  POTENTIAL 

The  SBMller  the  beam  sire  or  die  larger  the  diameter 
of  dm  vacuum  chamber  is,  the  deqmr  the  beam  potential 
w91  be  a  tha  location.  This  is  easy  to  see  for  the  siiiqde 
case  of  round  beam  rados  i  and  round  chamber  of  radius 
To,  when  foe  beam  potential  is  V  a:  -^^/2xe^  ln(a^o),  hut  it 
is  rfso  true  in  genend  (eOqidc  beam  m  ellipdc  chamber  [3]). 
Therefore  longitudinal  potential  wells  will  be  found  a  ekfaer 
side  of  the  small  gqi  undulators.  ahich  will  prevmit  ions 
(with  longitudinal  khmtic  energy  less  then  the  dqxh  of  dm 
wdl  -  which  is  dm  mifoxi^  (rf  the  ions)  entering  die  undula- 
tor  fimm  ekher  dnecdon.  If  the  ions  are  staMe  in  dmt 
regions,  then  kmizadon  podmt  occms. 

The  beam  in  dm  X-ray  ting  is  fla  (a^  >  a,),  therefore 
the  vertical  beam  and  vacuum  chamber  size  is  more  critical 
than  the  horizontal.  Th^  are  pkNied  together  with  dm  calcu¬ 
lated  beam  potentml  a  the  center  of  dm  beam.  The  potential 
was  calcubited  for  I  a  250  mA  beam  current  The  figure 
shows,  tha  the  dqsh  the  potential  wells  are  AU  aSO  aid 
10  MeV  for  dm  two  undulators,  respectively. 


Hg.  1.  Vertical  beam  ri»  (O.),  half  hei^  of  die  vacuum 
chante  0i/2)  md  beam  pomntial  at  dw  oanier  dw  beam  (Uo) 
in  tha  2  nntbilainr  legicn  far  1 «  250  mA  beam  current. 

3.  CRITICAL  MASS 

In  a  simidified.  linear  modd  of  ioo  trapping  by  a 
bunched  electron  beam  the  ions  are  "kicked*  by  dm  dectron 
bunches  and  th^  drift  finely  between  the  Iticks.  (b  dus 
liimar  qproximaticn  the  beam’s  electric  fidd  is  assumed  to 
be  linear  with  the  distance  fitom  dm  middle  (tf  the  beam.) 
The  effect  ctf  kick  and  drift  can  be  described  in  dm  usual 
manix  formalism  [4].  When  dm  bundles  are  mufocmly  dis- 
iributed,  diat  is  to  equidistint  bunches,  dmn  dm  stability 
condition  imposed  on  dm  Trace  of  dm  matrix  (Ttace<I^  ^ 
2)  yields  a  critical  ion  mass,  ifoove  which  the  kn  motion  is 
sia^; 

■  .  1 

2ecn|  OyCOt  +  Oy) 

where  is  dm  classical  proton  radius  and  I  is  the  beam 
current 

The  critical  mass  with  S,  IS  or  30  equidistmit  bundles 
is  ptotted  in  one  sqmrperiod  dm  dm  ring  for  I  s  2S0  mA 
on  Figs.  2.  The  location  of  dipotes  (-[  ]-),  qnadrupoles  (•  -) 
and  undnlatocs  (-[  ]-)  are  also  shown.  Ok  am  see  that  with 
S  bunches,  pradically  aD  kms  are  instaUe  anywhere  in  the 
ring.  With  IS  buKhes  only  Hj  is  nnstaUe  anywhere,  CO 
and  Cp2  is  unstable  only  in  the  straight  sections,  where  dm 
undulators  are.  With  dl  30  buckets  filled  in  dm  ring,  even 
the  H2  kms  are  staUe  everywhere  except  in  dm  straight  sec¬ 
tions  and  heavier  kms  are  stable  practically  everywhere 
(except  in  a  very  small  i^on  aioi^  the  middle  of  the 
strai^its). 


Woric  performed  imder  the  auspicei  of  the  U.S.  Dept  of  Energy. 
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Fit.  2.  Critictl  man  with  3.  15  or  30  equidistaiit  bundiet. 
for  I  ■  250  mA  diown  in  (a)  one  aupoperiod  of  die  ring  and 
(b)  in  die  2  undulalor  region. 

4.  NON  EQUIDISTANT  BUNCHES 

In  this  fectkn,  we  are  still  assuming  linear  beam-ion 
forces.  When  there  are  N  uniformly  distributed  bunches 


ooneeculive  bunches  are  shown  for  diCfeient  beam 
currents  in  (a)  one  siqierperiod  (with  ds^lO  cm  resohidon) 
(b)die0$s$2m  undulators  region  (with  ds=l  cm  resolution) 


the  matrix  yieUs  a  N-th  order  nonlinBar  eqaadoa  and 
inatead  of  a  critical  masi.  there  are  baniH  of  aabie  regions 
of  A  for  any  givea  cunent  «d  longitudinal  location,  Hiis 
can  be  ’ioapped"  into  ttablehnstable  longhudinal  (a)  regions 
vound  the  ring  for  a  given  ion.  beam  cunent  and  gpp 
length. 

We  calculated  the  stable  longitudinal  regions  Cor  the 
CO  ions  with  2S  consecutive  bunches  <MbS)  in  die  ring  at 
different  beam  currents  and  plotted  thra  on  Hgs.  3.  One 
can  see,  that  even  at  I  ■  SO  mA  beam  current,  there  are 
enough  unstable  regions  in/around  the  nndulator  that  the 
ions  would  not  build  up.  This  is  also  true  around  the  ring. 

5.  NONLINEAR  BEAM-ION  FORCES 

Let  us  now  consider  the  nonlinear  luttute  of  the 
beam-ion  force.  We  track  ions  [5]  with  difEnent  initial  con¬ 
ditions  for  (x,  y,  s.  v„  v,,  vj.  and  examine  the  relative 
number  (%)  of  "living  ions",  that  is  ions  still  in  and  arouid 
the  beam,  as  a  finctioo  of  the  number  oi  turns  in  the 
machine  (time).  100  CO  kms  were  tradced  with  initial 
Gaussian  random  disiribulioo  in  (x,  y.  v.,  vj  rrfiile  the 
initial  Sd  was  uniformly  disbibuted  in  0  i;  s  $  2.0  m  (the 
r^on  rdiere  the  2  undulators  are)  nd  0  ^  s  21  m  (one 
superperiod  of  the  rin^.  In  either  case,  linear  and  nonlinear 
tracking  were  performed  with  longitudinally  mobile  ions,  as 
well  as  nonlinear  tracking  with  longitudinally  immobile 
ions.  This  latter  is  important  to  see,  weather  or  not  ions 
longitudinally  confined  in  the  potential  wells  around  the 
undubuors  can  esciqpe  from  the  beam.  As28  ions  in  25  con¬ 
secutive  bunches  for  Is250  mA  beam  were  used  in  the 
tracking. 

The  results  are  shown  cm  Hg.  4.  One  can  see  that  (a) 
nonlinearity  of  kicks  makes  the  ions  (initially)  more  stable 
but  even  so,  ~100  %  (^  the  ions  created  in  the  unchilator 
r^on  and  =80  %  of  all  ions  wiU  hit  the  vacuum  chamber 
after  only  250  turns,  diat  is  .14  msec,  (b)  ions  created  in  the 
unthilator  region  are  slightly  more  unstable  than  those 
created  anywhere  else  in  the  ring  and  (c)  longitudinal  ion 
mobility  or  lack  of  it  does  not  influence  the  stability  of  ions. 
Consequently,  with  1=250  mA  in  25  consecutive  bunches, 
the  ions  do  not  buik)  up  around  the  undulalors. 


Fig.  4  %  of  living  kms  vs.  number  of  turns  with  N  =  25 
consecutive  bunches  in  die  ring  and  A  =  28, 1  =250  mA 


(bunch  tram)  followed  by  M  empty  bunches  (gsp)  in  die  Next,  we  kxAed  at  the  effect  of  increasing  die  number 

ting,  then  the  stability  condition  imposed  on  the  Trace  of  consecutive  bunches  in  the  ring.  Rg.  5a  shows  the  %  of 
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IMu  km  wim  100  OiHMiiMi  nodora  km,  oemd  ini* 
fDnriy  ki  the  fid!  fupvperiod.  were  mdoBd  wUh  Ikmr 
bMMhkn  fiMCM  fbr  N  •  2S  -  30,  while  Hg.  Sb  i>  fior  »»> 
fimr  Imn^aa  fooee  and  N  ■  2S  •  27.  One  can  ice,  that 
ewea  for  ikmr  fones,  the  km  aie  lapkOy  getting  sudde 
wkh  jncitaaing  N,  and  with  30  bunchea  aO  iona  are  ataMe. 
In  the  realistic  caae  of  nonlinear  fixoea  all  km  (hsqipear 
aflar  .17  naec  vdien  there  are  23  bunchea  in  the  ring,  bid 
340  %  «e  atitt 'aHve*  with  27  bunches. 


.000  .057  .114  .171  t  fmsac] 


Rg.  3  li£B-cufve  of  A  «  28  knu  with  I  =230  mA  and 
diffmot  iwnber  of  comecotive  bmcfaes  in  dw  ring  when 
asfuming  (a)  linear  and  (b)  nonlinear  beam-ion  farces. 


Rg.  6  %  of  living  ions  vs.  number  of  turns  with  A  s  28. 
li«30-2S0  mA  and  N  m  23,  assumii^  nonlinear  beam-km  forces. 

We  already  pointed  out  the  cuirent  dqiendence  of  the 
critical  mass  and  the  linearly  stable  r^ions.  The  next  figure 
shows  the  dq;ieiidenoe  of  the  nonlinear  ’lifetime’  of  the  ions 
on  the  beam  current  The  %  of  living  ions  is  plotted  on  Fig. 
6  when  tiaddng  was  done  widi  nonlinear  bmun-ion  forces, 
N  w  23  and  I«30,  100  and  230  mA  beam  currents.  The 
same  100  ions  were  tracked  as  for  Figs.  3.  The  figure 


shows  a  strong  dependence  on  entreat  Even  wkh  only  23 
bundm  in  the  ring,  die  km  are  almost  atdde  at  lw30  mA. 

4.  EITECT  of  POTENTIAL  WELLS 

We  turn  our  atteadon  now  to  the  efiica  of  the  poten¬ 
tial  weOs  due  to  the  narrowing  vacuum  diandwr  in  the 
undulators  and  how  do  they  effect  the  (un)atabilify  of  the 
ions. 

Fig.  7  shows  the  "Ufe^urve"  of  100  CO  ions  in  23 
consecutive  bunches  for  ^230  mA  beam  assuming  nonlmem 
beam-kn  forces  and  under  the  following  conditinos.  The 
ions  were  tracked  with  initial  unifonnly  diatriwiBd  in  0  ^ 
So  ^  .13  m  (before  the  variaUe  gq>  undulator)  with  longitu¬ 
dinally  mobile  km  and  (a)  n^lecting  the  effect  of  the 
potent  well,  (b)  taking  the  effect  of  die  potential  wdl  kno 
consideration.  100  ions  were  tracked  widi  initial  mi- 
fonnly  distributed  in  0  s;  So  ^  2  m  (from  before  the  varidde 
gap  undulator  until  after  the  mini  undulator)  with  lonptudi- 
nally  mobile  ions  and  (c)  neglecting  the  efifect  of  the  poten¬ 
tial  well,  (d)  taking  the  ^ea  of  the  potential  well  mto  con¬ 
sideration,  as  well  as  (e)  with  longitudinal^  immobile  ions 
(v,  s  0  and  no  longitudinal  kicks)  and  with^  the  effect  of 
the  potential  well.  All  ions  were  created  Gaussian  random 
in  (x,  y,  v„  v,  and  vj.  exeqn  where  v, »  0  was  assumed. 

One  can  see  that  the  potential  well  caused  by  die  nar¬ 
row  vacuum  pipe  in  the  undubiors  have  no  considerable 
^ect  on  the  lifetime  of  ions  (all  3  curves  are  identicaO.  and 
that  the  ions  are  unstable  in  die  two  undulator  r^ion.  The 
effect  of  the  narrow  cross  section  is  that  the  km  will  drift 
towards  the  deepo^  part  of  the  potential  well,  away  fiom  the 
undulators.  But  since  the  whede  area  is  unstaUe,  the  km 
will  get  lost 


.000  .057  .114  .171  t  [nsec] 

Fig.  7  %  of  living  knu  vs.  number  oi  turns  with  A  «  28, 

I  =230  mA  and  N  =  23  assuming  nonlinear  beam-km  forces 
with  and  without  dm  effect  of  beam  potential. 
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Abstract 

This  paper  describes  a  beam  dynamics  code  TIC'N’  for 
simulation  of  high  current  proton  beams  in  an  isochronous 
asimuthally-varying-field  cyclotron.  It  is  assumed  that  the 
median  plane  and  vertical  motions  are  decoupled,  so  that 
the  internal  space-charge  forces  can  be  calculated  by  a 
particle-in-cell  method  applied  to  the  median  plane  charge 
distribution.  We  assume  operation  in  a  regime  where  verti¬ 
cal  focusing  is  not  weak.  This  paper  details  the  simulation 
method  and  approximations,  including  a  summary  of  the 
equations  of  motion.  Results  of  the  code,  when  applied  to 
the  P.S.i.  luicctor  II  cyclotron  are  presented,  and  compared 
with  results  from  an  earlier  code  that  treated  the  beam  as 
composed  of  a  distribution  of  rigid  spheres. 

I.  Introduction 

As  has  been  noted  by  several  authors  [1]  [2]  [3],  space- 
charge  is  important  in  isochronous  cyclotrons  for  the  fol¬ 
lowing  reason:  there  is  no  longitudinal  focusing  2uid  ther^  is 
strong  radial-azimuthal  coupling.  Because  the  space-charge 
electric  fields  are  severely  non-linear,  practical  investiga¬ 
tion  must  proceed  by  numerical  methods  [4]  [5]. 

The  original  code  TIC'S’  [3]  considered  the  beam  to  be 
formed  of  charged  spheres,  and  completely  neglected  the 
internal  motions  within  these  spheres.  The  main  argiunent 
to  justify  this  simplification  was  that  the  betatron  oscilla¬ 
tions  are  much  faster  movements  than  the  deformations  of 
a  beam  bunch  due  to  space  charge  forces. 

The  new  simulation  code,  to  be  called  PIC'N,  assumes 
that  the  radial  and  the  vertical  betatron  motions  are  de¬ 
coupled,  just  as  in  the  code  PIC'S.  However,  the  median 
plane  internal  motions  within  a  charged  sphere  are  now 
to  be  included  explicitly.  The  sphere  is  decomposed  into 
cylinders  and  the  cylinders  are  divided  into  vertical  rods 
or  needles.  There  are  now  new  freedoms  in  the  motion:  rods 
within  the  same  initial  sphere  need  not  have  the  same  cen¬ 
tre  nor  the  same  oscillation  frequency,  and  individual  time- 
dependent  modulations  of  tune  and  betatron  amplitude  are 
now  allowed.  The  new  model  assuiTie.s  that  all  needles  have 
the  same,  fixed  height;  i.e.  the  spheres  are  replaced  by  full 
cylinders.  The  artificial  force  law  used  in  PICIS  is  replaced 
by  the  force  between  two  uniformly  charged  vertical  rods. 

A.  Elementary  force  law  between  two  needles 

Ck>nsider  two  parallel  rods  of  length  2b  separated  hy  a 
distance  a  with  charges  Qi  and  Q2  respectively.  Then  th< 
mutual  repulsive  force  is 


II.  Motion  equations  in  the  laboratory  frame 

The  centre  of  charge  (and  mass)  moves  with  velocity  u. 
An  arbitrary  particle  in  the  bundi  has  some  velocity  v.  We 
should  like  to  find  an  equation  for  -^{y  -»)■  We  use.  the 
energy  equations  to  eliminate  the  time  derivatives  of  the 
y-factors  from  the  momentum  equations.  For  the  reference 
particle:  moludn/dt  =  FJ*  —  u(u  •  FS*)/c* .  For  the 
general  particle:  molvdv/dt  =  FJ'  -i- F®*— v[v-F**]/c*  . 
where  Fj*  =  F**  -  v[v  •  F'^J/c*  .  F**  is  an  externally  ap¬ 
plied  force  due  to  magnets  and  cavities,  say.  F*®  is  the  force 
due  to  space-charge;  i.e.  from  the  whole  assembly  of  which 
the  ‘test’  particle  is  a  member. 

A.  An  expression  for  space-charge  force 

The  space-charge  term  can  be  expressed  in  terms  oS  the 
(Joulombic  electric  fields,  due  to  the  assembly  of  particles, 
as  measured  (or  calculated)  in  the  frame  co-moving  with 
the  centre  of  mass  of  the  group.  We  now  define  ||  and  ±  to 
mean  parallel  and  perpendicular  to  u.  Let  the  electric  field 
be  in  a  frame  which  is  co-moving  with  u.  It  is  assumed 
that  in  this  rest  frame  (of  the  bunch)  there  is  an  electric 
field  Ej;  but  no  magnetic  field  B^,..  The  electric  field  is 
resolved  into  components  transverse  and  longitudinal  to 
the  reference  motion:  E'  =  Ex  +  Eg .  In  the  laboratory 
frune  the  space-charge  force  on  a  test  particle  is: 

F*®  =  q[^+  7»E'x  -I-  V  a  (u  a  E'x)7„/c*]  .  (1) 

The  vector  vA(uAEx)  occurring  in  the  space-charge  force 
term,  F*®  equation  (1),  is  perpendicular  to  v  and  so  the 
mimetic  field  due  to  the  beam  cannot  alter  the  energy. 
We  now  substitute  v  =  V||  -}-vx  =  u-f  Av  and  note  that 

If;®  =  (E(,  +  7»e'.  )  (1  -  9^)  -  ^(«iieii +«'i.7«£l) 

(2) 

is  an  exact  expression.  Now,  to  first  order  (1  —  «v||/c^)  « 
I/7u  s*  l/7w  •  Also  note  that  the  final  term  of  (2)  in  Av/c^ 
is  negligible.  Hence,  now  approximately, 

Fr  =  (9/7«)  [e'x  +  E(,/7„]  . 

B.  Explicit  Representation 

We  acknowledge  the  cylindrical  symmetry  of  the  cy¬ 
clotron  applied  E**  and  B**  fields,  and  adopt  cylindrical 
polar  coordinates  (p,  z)  for  the  reference  particle  posi¬ 
tion  Xo  =  pep(^).  We  note  that  with  space-charge  there 
are  preferential  directions  parallel  and  perpendicular  to  u. 


0-78(»-1203-l/93$03.00  C 1993  IEEE 


3639 


Mid  take  a  loei^  CMrteuaB  (rectaagulai)  coordiaate  ^a- 
t«ni  (r,  «,  x)  for  the  poeitioD  vector  of  a  geoeral  partide, 
z  «  aco  +  e^r  +  The  velocity  incremeot  » 

Av  *  (f-ad)®#  +  (i  +  rdW  +  ®»*  • 
d  ia  a  r«ferenc«  coordinate,  and  we  specify  this  to  be 
iaochronous  ao  that  it  rotates  at  constant  angular  veloc¬ 
ity  d  «(•><,  =  (9/mo)^-  In  this  case, 

Av  s:  o,[f  -  2sue  —  w^r]  +  e^[a  -f  2^e  -  w|a]  -b  e,z  . 

We  must  compare  the  above  identity  for  acceleration  with 
the  equation  for  forces.  For  brevity,  we  set  (9/mo)  equal  to 
unity.  For  simplicity  we  write  the  form  appropriate  to  no 
external  electric  field  E**  =  0. 

7*Av  =  [Av  A  Bo  +  V  A  AB]**  +  (l/7«)  [b||/7u  +  E'j.]  • 

Here  Bo*  =  {Bp  =  0,  B^,  B^  =  0)  is  the  reference  field  in 
the  medium  plane,  and  AB  the  field  increment  at  (r,  a,  z). 

C.  Almost  Flat  field,  AB  =  0 

For  the  almost  flat  magnetic  field  B^{p)  =  ‘i/{p)B°, 
where  is  the  magnetic  field  at  the  cyclotron  centre, 
there  is  a  single  Lorents  force  term  expressible  as  AvAB". 

Since  time  and  turns  accumulate  equally,  there  is  a  sim¬ 
ple  transformation  between  derivatives.  Let  $  =  Uet,  ao 
one  turn  corresponds  to  0  =  2ir.  Under  the  approximation 
7«  =  7(p)i  the  motion  equations  become: 

(r'-s)'  =  H/u,l){qlmo)E‘Ar,s,z)hl 
(s'  +  r)'  =  (l/w*)(9/mo)  5j(r,  s,  x)/t^  , 

where  the  superfix  prime  denotes  the  derivative  with  re¬ 
spect  to  radian-turns. 

D.  i4n  approximation  for  AVF 

It  is  no  simple  matter  to  find  equations  of  motion  in 
the  median  plane  so  as  to  describe  a  smooth  focusing  due 
to  the  combination  of  radial  field  gradients  and  sectored 
azimuthal  variations  of  the  magnetic  field. 

Let  the  angle  formed  between  radius  vectors  to  the  gen¬ 
eral  and  reference  particles  be  9.  We  take  a  force  propor¬ 
tional  and  perpendicular  to  the  ‘extra’  azimuthal  velocity 
Avf  =  SCOS0  —  fsin0  and  to  the  ‘extra’  radial  velocity 
Av^  =  f  cos  0-hs  sin  6,  at  point  (s,  r) .  Thus  we  take  a  focus¬ 
ing  force  =  mfe^Avr— e^Av^].  In  terms  of  the  carte¬ 

sian  unit  vectors  er,e,,  we  find  F/ocuj  =  m(ers'  -  e,r'), 
and  the  space-charge  term  F2*  =  e,F,  +  CrF,.  Hence  the 
equations  of  motion  are: 

(s'-»-i/r)'  =  F,  ,  (r' -  I/s)' =  Fr  .  (3) 

The  radial  betatron  tune  1/  is  given  by  1/  =  (m  -f-  1). 
There  are  two  constuits  of  motion  if  F,  =  Fr  =  0;  how¬ 
ever  the  speed  is  not  exactly  conserved.  These  equations 
yield  betatron  motion  in  the  form  of  circles  in  the  median 
plane,  which  property  lends  itself  to  finding  self-consistent 
matched  charge  distributions  under  internal  space-charge 
forces.  Further,  these  equations  are  formally  identical  with 
those  presented  by  Kleeven  [6]. 


Ill.  Startinq  ensemble 

The  overall  density  of  points  (in  real  space)  will  be  the 
conv<dution  of  an  elementary  disc  composed  of  concentric 
rings  of  short  vertical  rods  convdved  with  the  distribution 
of  disc  centres,  which,  may  be  distributed  homogeneously 
over  a  rectangular  grid.  Each  particle  point  [s,  r,  s',  r']  may 
carry  a  dilFerent  charge. 

A.  Matched  elementary  disc  -  no  apace  dmrge 

The  elementary  ensembles  are  circular  in  position  and  in 
velocity  space,  and  made  as  follows.  From  a  uniformly  pop¬ 
ulated  disc  (in  r,  s-space)  generate  the  correlated  velocities 
for  betatron  motion  according  to  F  =  i/s  and  s'  =  — i/r . 

B.  Matched  elementary  disc  -  with  space-charge 

It  is  desirable  that  elementary  charge  clouds  be  station¬ 
ary  under  the  action  of  the  internal  space-charge  force;  this 
facilitates  comparison  with  the  sphere  mode!  in  PIC/'S. 

The  disc  consiMs  of  concentric  rings,  and  our  m^ching 
scheme  will  be  to  acliust  the  velocity  coordinates  of  parti¬ 
cles  on  each  ring  so  as  to  give  a  self-consistent  distribution 
under  space-charge.  We  take  a  system  of  local  polar  co¬ 
ordinates  {p,  9)  with  centre  at  the  reference  particle,  such 
that  s  =  pcoa9  and  r  =  pa\n9.  The  equations  (3)  become: 

=  Fp  :  -2/)'0'-p0"-|-i/p'  =  -F,.  (4) 

Here  Fp>  F$  are  the  radial  and  azimuthal  (with  respect 
to  centre  of  cloud)  components  of  •  We  look  for  an 
equilibrium  circular  solution  of  (4)  with  9*,  p  —  constants. 
For  the  rods  at  radius,  p,  the  angular  velocity  0'  is  given 

by:  - - 

29>{p)  =  u+y/v^-4F,fp. 

The  matched  disc  is  found  as  follows,  (i)  Generate  a  uni¬ 
formly  populated  disc,  (ii)  Numericidly  solve  for  the  space- 
charge  forces  Ft ,  Fr  and  transform  to  Fp^  Ft.  (iii)  Ring  by 
ring  evaluate  0'(p).  (iv)  Generate  the  correlated  velocities 
according  to  F  =  0' s  and  s'  =  —0'  r . 

IV.  Example  cases 

The  mutual  forces  between  the  elementary  charge  discs 
are  not  compensated  for  and  will  cause  a  perturbation  of 
the  matched  circular  betatronic  motion  and  also  cause  the 
cloud  centres  to  move.  These  effects  were  studied  for  a 
coasting  beam  in  PSI  Injector  II.  All  cases  are  for  a  1  mA, 
5  MeV  beam  with  vertical  height  2  mm.  The  integration 
algorithm  is  a  fourth  order  time  explicit  Runge-Kutta  in¬ 
tegrator,  used  with  a  0.05  turns  integration  step  size  and 
the  program  working  fully  in  double  precision. 

Fig.  1:  A  round  starting  distribution,  not  matched  un¬ 
der  space-charge,  of  one  centre  and  5000  needles  in  a  sin¬ 
gle  cloud  remains  round,  but  ‘1>reathes’’ ,  expanding  and 
shrinking;  it  performs  a  monopole  mode  oscillation.  Plot¬ 
ted  are  the  r.m.s.  radial  and  azimuthal  width  as  a  function 
of  turn  number.  The  oscillation  frequency  is  lower  than  Vp 
due  to  space  charge  forces.  This  beam  has  a  longitudinal 
extension  only  from  coupled  radial-longitudinal  betatron 
oscillations,  but  no  phasewidth. 
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Pig.  1:  Initial  unmatcb«d,  round  ensemble. 

Pig.  2:  Radial  and  azimuthal  r.mjj.  width  of  a  bunch  of 
7.5  degree  initial  phase  width,  showing  the  increase  of  the 
radial  width  and  the  decrease  of  the  azimuthal  width  fol¬ 
lowed  by  a  small,  slow  rise  towards  a  common  value  for 
both  widths  at  a  round  beam  (seen  from  the  top);  rather 
a  ‘disk’  than  a  ball  as  the  height  is  2  mm. 


Pig.  2:  initial  unmatched,  oblong  ensemble. 


The  initial  increase  of  radial  width  and  decrease  of  az¬ 
imuthal  width  arises  from  rotation  of  the  bunch.  At  an 
angle  of  90*  of  the  rotation,  the  beam  is  wider  in  the  rar 
dial  direction  than  in  the  azimuthal  one.  As  this  rotation 
carries  on,  it  slows  down  with  the  approach  of  the  two 
widths  towards  the  matched  case  at  about  75%  of  the  ini¬ 
tial  length.  The  initial  rotation  is  faster  than  the  15*  case. 

Pig.  3;  The  PICN  simulation  shows  five  successive  top 
views  of  a  bunch  with  initial  phase  width  15*  (Injector  11 
is  on  10th  harmonic)  on  turn  numbers  0,  2,  4,  6,  8. 

Pig.  4;  The  same  case  as  PICN,  but  with  the  earlier  pro¬ 
gram  PIC’S.  It  really  looks  quite  similar  to  previous  case; 
the  basic  mechanism  of  forming  an  S-shape  and  then  grad¬ 
ually  a  galaxy-like  distribution  is  present  in  both  models. 
However,  the  deformation  is  generally  about  20  to  25  per¬ 
cent  weaker  for  the  needle  model  PICN. 

Since  it  is  clear  that  the  phenomena  are  basically  mis¬ 
matching,  the  interesting  question  is  whether  a  round 
charge  distribution  (not  necessarily  a  sphere)  is  stable  (i.e. 
matched).  The  test  was  a  ’fiying  saucer’  with  an  r.m.s 
width  of  8  mm  azimuthally  and  radially.  This  case.  Pig.  5, 
shows  almost  constant  radial  and  azimuthal  width  over 
many  turns.  FVom  the  way  the  centres  are  initialized  it  was 
a  little  ‘squarish’  at  the  beginning,  and  so  probably  this 
case  did  not  have  a  precise  matdiing;  therefore  it  shows  a 
small  partial  monopole  mode  as  well. 


Pig.  3:  PICN  simulation  of  15*  phase  width  beam. 


Pig.  4:  PICS  simulation  of  15*  phase  width  beam. 


Pig.  5;  Initial  matched,  round  ensemble. 
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I.  Introduction 

The  problem  of  space  charge  eoatinues  to  be  interesting 
in  connection  with  the  development  of  Kaon  and  Neutron 
Facilities  and  Superconducting  Super  Collider  Projects.  In 
the  first,  a  high  average  proton  beam  intensity  can  be 
reached  by  super-high  peak  currents  in  each  acceleration 
cycle,  so  a  painting  procedure  is  required.  In  cdUders,  as  is 
well  known,  super  luminosity  can  be  reached  by  minimiring 
the  emittance  growth  during  acceleration.  In  other  words, 
the  task  consists  of  accelerating  beam  with  the  in»Tii»inm 
attainable  cturent  density  and  with  minimum  achievatde 
emittance  growth.  This  is  why  this  task  arises  when  new 
accelerator  projects  are  developed. 

At  least  two  possibilities  exist  how  to  investigate  the 
space  charge  effects  at  the  design  stage:  analytical  and 
numerical  simulation  [1-3].  Each  of  them  has  its  own  ad¬ 
vantages  and  disadvantages.  Numerical  simulation  using 
the  macro-particle  approximation  is  very  well  developed 
but  requires  a  lot  of  cmnputer  time  and  so  little  fiexibil- 
ity  in  variation  of  the  initial  conditions.  Because  of  this 
numerical  methods  are  restricted  in  their  optimisation  ca¬ 
pability. 

Analytical  investigations  gives  a  clearer  picture  of  the 
physical  phenomena  but  the  necessarily  simplified  the 
physical  model  sometimes  pves  an  incorrect  interpretation 
of  the  results.  Analytical  reseatdi  can  be  divided  in  two 
types:  the  envelope  equation  method  for  self-consistent 
distributions  and  the  nonlinear  equation  for  higher  distri¬ 
bution  meunents .  In  our  work  we  use  numerical  simulation 
as  the  base  to  achieve  the  cwrect  results,  but  for  interpret¬ 
ing  the  results,  the  simfdified  analytical  model  is  used  as 
well. 

II.  Problem  Statbmbnt 

In  almost  any  acedetaior  emittance  growth  is  observed 
during  beam  iqjection.  This  is  due  to  resonance  crossing 
and  mismatch  between  the  beam  and  the  acceptance.  But 
this  growth  depends  on  what  distiibutioa  is  chosen  during 
iigeetion.  In  this  p^per  we  study  the  emittance  growth 
under  resonance  crossing  for  different  initial  beam  distri- 
butifflu.  To  eKmiaate  the  reasons  for  emittance  growth 
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Figure  1:  Phase  space  and  tune  diagram  for  K-V  (a),  waterbag(b) 
and  Gaussian  (c)  distributions. 

we  consider  a  linear  lattice  without  errors.  In  this  ease 
the  emittance  should  grow  only  because  of  the  intrinsic 
resonances,  or  in  other  words,  the  envelope  oscillation. 

III.  Numerical  Calculation 

The  problem  is  solved  for  three  different  initial  distri¬ 
butions:  K-V,  waterbag  and  Gaussian.  To  simulate  self- 
consistent  beam  motion  a  two-dimensional  tracking  pro¬ 
gram  is  used.  Space-charge  forces  are  found  by  solving  the 
Poisson  equation  with  sero  boundary  conditions.  Longitu¬ 
dinal  motion  effects  and  beam  bunching  ate  not  taken  into 
consideration.  'Hie  particle  oscillation  frequency  is  found 
from  the  rotation  angle  in  the  normalised  phase  space.  As 
a  test  lattice,  we  use  the  racetrack  structure  for  TRIUMF 
Booster  with  two  arcs  and  working  point  7.65/5.6  although 
these  results  could  be  useful  for  the  SSC  LEB  and  AGS  as 
well. 

The  initial  phase  space  projections  and  the  advanced 
phase  diagram  are  shown  in  Figs.  1(a),  1(b)  and  1(c)  for  K- 
V,  waterbag  and  Gaussian  distribntioBS  respectively.  For 
each  distribution  we  take  the  same  rms  emittance.One  can 
see  that  all  distributions  have  the  same  centroid,  indicating 
the  same  coherent  tune  shift. 

Figure  2  shows  the  emittance  growth  versus  the  number 
of  turns  for  different  distribntims.  The  maximum  emit- 
tance  growth  (a  fikctor  2.8)  was  observed  for  K-V  and  wa¬ 
terbag  at  only  a  fimtor  1.25  for  the  Gaussian  distribution. 

Figures  3(a),  3(b)  and  3(c)  show  the  phase  space  for  all 
observed  distributions  after  five  turns.  It  is  obvious  that 
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Figur*  2:  Bmittance  growth  v«  ths  turn  number  for  K-V  (n),  wn- 
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Figure  3:  Phase  space  for  K<V  (a),  waterbag  (b)  and  Gaussian  (c) 
distributions  after  S  turns. 


Figure  S:  Stabilised  distribution  for  initial  K-V.  (a),  waterbag  (b) 
and  Gaussian  distributioas. 


bnt  in  the  spaee-chnzge  problem  we  observe  a  system  where 
the  nonlinearity  changes  with  time. 

We  now  try  to  erplain  the  phenomenon  using  a  simpli¬ 
fied  analytical  model  which  describes  the  resonance  inter¬ 
action. 

IV.  Analytical  description 

Taking  into  account  that  we  treated  the  two  planes  sep¬ 
arately  in  the  numerical  experiment,  the  analytical  study 
has  been  performed  for  a  symmetrical  cylindrical  beam. 
The  Maxwell  equation  for  the  symmetrical  beam  with  den¬ 
sity  distribution  p  is: 


the  beam  passes  through  half-integer  and  fourth-order  reo-  We  ebooMC  the  fi»>order  binomial  distribution,  which  in- 


onances.  In  all  cases  the  amplitude  of  oseillaticm  is  finite,  eludes  in  itself  the  three  types  of  distribution  considered: 

Figures  4(a),  4(b)  and  4(c)  show  the  distributions  af-  Kapchinskij-Vladimirslqj  (m=0),  the  waterbag  (m=l)  and 
ter  45  turns.  For  waterbag  and  K-V  distributions  we  can  the  Gaussian  (m  — » oo): 
observe  a  half-integer  resonance  which  is  stabiliied  by  a  ^ 

fourth-order  resonance.  For  the  Gaussian  distribution  we  =:  -—[1  —  — ]’*~\  (2) 

observe  the  distribution  stabiliaed  by  a  fourth-order  reso-  ^ 

nance.  where  b  is  the  maximum  ue  of  the  beam.  Then  the  dis^ 

Figures  5(a),  5(b)  and  5(c)  show  the  final  distiibationa  persion  function  w  is  defined  as  cr  =  and  the  rms 

for  the  same  cases.  The  instabOity  does  not  grow.  They  emittance  The  equation  motion  for  any 

are  stabilised,  bnt  the  particles  are  still  in  the  half-integer  ^  j^. 

resonance  excited  by  ^e  envelope  oscillation.  This  self- 

statnHsation  phenomenon  is  known  for  nonlinear  system,  d*r  .  .3  tqN  t  \  _ « 


i-  ■  i- 


or  using  the  smooth  approximation  r  =  and  the  new 
longitudinal  coordinate  dfi  =  vo0ds 

q"  +  i/»q  =  q[l  +  '^b,  cospfl)^(q),  (4) 

where  we  use  the  Fourier  expansion  for  =  /9(1  + 
^bpcospd)  and  the  mean  /9-fnnction  ^  A  being 

the  average  radius  of  the  accelerator. 
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Figure  4:  PImm  space  for  K-V  (a),  waterbag  (b)  and  Gaussian  (c) 
distributions  after  45  turns. 
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VtnuXfy  OM  dnotes  tkc  ntoc  f^K/4«]9*7’crm«  ••  the  tune 
•Uft  fy.  Bogolabov’f  method  cob  be  ued  to  solve  this 
ttOBHaeu  e^iutioa: 

9  =  '^eoe# 

V  = -vtoVcsuf,  (t) 

Of  pesatog  to  new  verieUes 

*  =  -  BKtu(t|7l^l|).  (7) 

Diffeieatietiiig  the  new  TuinUes  t  nnd  4  with  respect  to 
9  end  anbstitntmg  (9),  we  get: 

~  =  -Sj^jenn  24[1  +  ^h,coepd]y(e) 

p 

^  =  H)  -  26ycoa^  *[1  +  5^4^  eoe  jjd]^(e)  (8) 

p 

The  fonction  T{t)  has  the  same  meaning  as  (6),  bnt  with 
a  new  argument  ^ —  cos^  4.  In  the  absence  of  any  reso* 
nances  we  can  aver^  (9)  over  the  whole  cross  section  of 
the  beam: 


i  =  Mb  -  Av,  (9) 

where  Am  is  the  average  tnne  shift.  It  may  be  sham  that 
equals  |8m  for  Gaossiaa,  |jM  for  waterbag  and  for 
K-V.  This  means  that  in  a  resonanceless  system  {bp  =  0) 
the  emittance  does  not  grow  and  the  coherent  tnne  shift 
does  not  depend  on  the  distribution  with  the  same  rms 
emittance.  On  other  hand  the  tune  spread  is  a  maxiirinm 
for  the  Ganssiaa  and  equals  sero  for  the  K-V. 

In  fact,  for  any  lattice  the  Fourier  expansion  of  the  enve¬ 
lope  ^function  involves  in  itself  all  harmonics  which  could 
give  the  resonance  condition  for  emittance  growth.  Con¬ 
sider  the  case  when  ^  invcdve  just  two  terms  and  can  be 
represented  as  =  /o  —  r/i  cos’  4.  Then 

^  =  6v€bmfo  sin(2*  -  m$)  - 

8Me’/ihm[i  sui(24  —  m9)  —  i  sin(44  —  m9)] 

¥  3  1 

—  =  vo-  Sufo  +  -6vtf\  +  -bvffjb^  cos(2«  -  m$)  - 

cos(4*  -  md)  -I-  j  cos(2«  -  md)],  (10) 

where  ns  is  the  resonant  harmonic  number  with  ampli- 
tade  ha.  One  can  see -from  these  equatioiu  that  any 
square  nrplineatity  in  distribution  gives  the  half-integer 
and  the  fourth-order  resonances  simultaneously.  They  can 


exist  only  together.  The  main  question  is  mily  whether 
the  fonrth-tttder  resonance  stabilises  the  half-integer  reso¬ 
nance.  The  trajectories  of  particks  on  the  phase  idane  are 
described  by  the  equation: 

^i.«ha/occos24'  -  ^6i/bnf\^ ct»2i! 

-(M)  -  fyfo)*  -  jdM/ic’  -  ^dM/ohaceoe29  -1- 

^Syfibmf^ c<m29  -  C{e,  ♦),  (11) 

where  ’9  =  9  —  md/n  is  the  "slow  phase”  in  the  »-th  order 
resonance.  The  terms  with  s’  stabilise  parametric  reso¬ 
nance.  So  for  the  distribution  where  the  square  terra  is  ab¬ 
sent,  the  half-integer  resonance  will  give  sufficient  growth. 
Of  conrae  we  should  exfdain  here  that  our  analytical  model 
doesn’t  allow  ns  to  take  into  account  the  self-consistait  re¬ 
distribution,  which  could  create  the  term  with  s’  for  any 
distribution  after  passing  through  the  resonance.  At  least 
this  explanation  gives  the  answer  why  the  emittance  grows 
so  stron^y  in  the  resonance  for  the  K-V  distribution. 
Using  more  high-order  terms  of  the  binomial  distribution 
it  is  poeaiUe  to  show  that  any  order  resonance  will  be  sta¬ 
bilised  by  the  next  order  distribution.  Since  the  envelope 
/S-fonetion  has  all  harmonics  we  will  always  have  the  res¬ 
onant  conditicm  for  one  or  more  harmonics.  So  maximum 
stabUiMtion  will  be  observed  for  the  Gaussian,  where  any 
perturbation  will  be  distributed  over  an  unlimited  number 
of  hatmiMiics. 

V.  CONCtOSIOM 

We  have  studied  in  this  paper  a  beam  passing  through 
the  grid  of  intrinsic  envelope  resonances,  where  the  half¬ 
integer  resonance  is  maximum.  At  the  initial  stage  a  beam 
with  any  kind  of  distribution  is  very  sensitive  to  the  half¬ 
integer  and  fourth-order  resonances.  During  80-100  turiu 
the  distribution  becomes  self-stabilised  and  very  similar 
to  Gaussian.  Maximum  growth  is  observed  for  maximum 
uniform  distribution  in  real  space.  For  intrinnc  resonances 
selfotabilisation  bccuxs  when  most  particles  remain  in  res¬ 
onance. 

In  cmiclusion  we  would  like  to  thank  Dr.  A.Iliev  for  helpful 
discnssions  during  this  work. 

VI.  Rbferbncbs 

[1]  S.Machida,  *Space-charge  effects  in  low-energy  pro¬ 
ton  synchrotron”.  Nuclear  Instruments  and  Methods 
in  Phyncs  Research,  A309(1991) 

{2]  I.Hofinann,  ”Simulation  of  space-charge  and  integer 
resonance  crossing  in  storage  rings  and  its  applica¬ 
tion  to  heavy  ion  fusion”.  Particle  Accelerators,  1992, 
v.39,pp.l69-184 

[3]  A.Budsko  and  Yn.Senidiev,  Study  of  space  charge  ef¬ 
fects  close  by  half-integer  resonances”,  Proc.  15th  Int. 
Conf.  on  High  Energy  Accelerators,  Hamburg,  1061 
(1993) 


3644 


Estimation  of  Collective  Effects  for  the  EUTERPE  Ring 


Boling  Xi,  J.I.M.  Botman,  J.  van  Laar,  CJ.  Tiininmnana,  H.L.  Hagedoorn 
Eindhoven  Univenity  Thchndogy,  P.O.  Box  513,  5800  MB  Eindhovoi,  Neth«rlands. 


XMfraei 

In  low  energy  atorage  ringe  with  a  high  current,  col- 
keUve  elfecta  can  make  the  real  bunch  length,  tranaveree 
emittancea  and  beam  lifetime  notably  different  from  the 
oneadeaigned<m  the  baaia  of  aingk  particle  dynamica.  The 
atorage  ring  EUTERPE  ia  a  low  energy  ring  with  a  ncun- 
inal  beam  eauwgy  ci  400  MeV  and  with  an  iiyection  ea- 
ergy  of  75  MeV.  l%e  eatimation  ot  collective  effecta  in  this 
ring  ia  t^>orted  in  thia  p^>er.  The  dependence  of  aeveral 
ccdlective  effecta  <m  varioua  machine  parametera,  limiting 
effecta  <»  the  bunch  aim  and  current  for  aeveral  optical 
optiona  and  poaaible  improving  meaaurea  are  diacuaaed. 
liie  leralta  indicate  that  an  equilibrium  tranaverae  emit- 
tanoe  of  8.5  nm.rad  with  a  beam  current  of  100  mA  in  a 
high  brilliance  mode  ia  achievable,  which  ia  near  the  nat¬ 
ural  emittance.  Collective  effecta  have  no  obvioua  adverse 
^ecta  on  low  energy  iqjection  in  the  EUTERPE  ring. 

I.  INTRODUCTION 

A  beam  current  ia  expected  of  more  than  100  mA  for 
the  atorage  ring  EUTERPE  with  a  nominal  beam  energy 
of  400  MeV  and  an  iqieetion  energy  of  75  MeV.  Collective 
effects  can  not  be  ignored  in  that  case.  With  the  demands 
of  atndiea  on  particle  beam  dynamics  and  applications  of 
aynduotron  radiation,  the  realisation  of  different  optical 
(^tiona,  such  aa  the  HBSB  (high  brightness,  small  beam), 
the  SBL  (abort  bunch  loigth)  and  the  HLF  (high  light 
flux)  modes,  is  required  in  the  EUTERPE  ring  [1].  In  this 
paper,  we  examine  the  dependence  of  collective  dfects  on 
varioua  machine  parameters  and  the  performance  liroita- 
ti(MS  caused  by  collective  effecta,  especially  by  the  tur¬ 
bulent  bunch  lengthening,  the  intra-beam  scattering  and 
background  gas  scattering,  in  the  different  modes.  Since 
the  EUTERPE  ring  will  operate  with  a  single  bunch  or 
up  to  six  bundes,  we  concentrate  the  diacuasi<Hi  on  the 
single  bundi  instability  effects. 


Considering  the  ‘Hurbulent  bunch  lotgthening  effect” 
[3],  the  energy  spread  and  the  bunch  loigth  will  both  in¬ 
crease  with  the  stored  current  in  the  bunch  above  a  thresh¬ 
ed  bunch  current  .  It  can  be  detmnined  by  [4]: 


_  y/lwa{E/e) 

“  \  r)' 


(2) 


whoe  vb/E  ia  the  energy  q|>read  and  \Z/n\,jj  the  effec¬ 
tive  longitudinal  broad  band  impedance  which  represents 
the  interacti<Mi  between  the  bunch  and  the  surroundings. 
Above  the  thrediold,  the  bunch  length  will  be  given  lQr[4]: 


r)  hVaecM^t 


(3) 


where  h  i*  the  bunch  current.  The  param^ors  of  the 
bunch  character  with  the  bunch  current  bdow  and  above 
the  threshold  have  been  examined  separatdy  for  the  EU¬ 
TERPE  ring.  There,  a  value  of  3  (1  for  the  total  broadband 
impedance  |Z/n|o  has  been  taken  for  the  sake  of  simpUft- 
cation.  For  getting  a  good  estimation,  we  have  taken  the 
SPEAR  scaling  of  the  effective  impedance  [4]  and  the  lim¬ 
itation  of  the  free  apace  impedance  [5]  into  account.  Hie 
results  indicate  that  the  single  bunch  current  can  not  be 
larger  than  1  mA  if  several  mm  bunch  length  ia  required 
with  a  45  MBs  RF  frequency  and  with  100  kV  RF  volt¬ 
age.  However,  if  a  RF  system  with  300  MBs  and  400  kV 
ia  used,  a  single  bunch  currait  can  be  achieved  of  aeveral 
mA  at  a  bundi  length  of  the  order  of  1  mm. 

FVom  Eq.l,  it  seems  no  problem  to  get  a  very  small 
bunch  length  by  selecting  a  very  small  momentum  com- 
pacticHi  factor.  However,  in  practice,  when  a  bunch  cur^ 
rent  is  beyond  the  limitation  given  by  Eq.2,  the  bunch 
length  will  mainly  be  determined  by  the  effective  longitu¬ 
dinal  broad  band  impedance  and  RF  parameters,  but  will 
not  be  influenced  by  the  momentum  compaction. 


II.  BUNCH  CURRENT  THRESHOLD  AND 
BUNCH  LENGTH 

On  the  bans  of  single  particle  djmamica,  the  natural 
bunch  length  oio  can  be  calculated  by  [2] 

(1) 

where  .11  X  10“*(mcter.»ofr)*/’,  R  is  the  average 

madune  radius,  h  the  RF  harmonic  number,  Vo  the  peak 
RF  voltage,  the  aynchrcmoua  phase  angle,  or  the  mo¬ 
mentum  compaction,  Jb  the  damping  partition  number 
for  energy  oacillationa,  po  the  bending  radius  of  magnets 
and  7  the  normalised  energy. 


III.  SELECTION  OF  RF  VOLTAGE  AT  45 
MHZ  FREQUENCY 

What  is  a  suitable  RF  voltage  at  a  certain  RF  fre¬ 
quency?  Thia  issue  concerns  the  assurance  of  several  hours 
of  bem  lifetime  with  100  mA  beam  current  unda  400 
MeV  operating  energy. 

For  the  storage  ring,  the  beam  lifetime  is  mainly  lim¬ 
ited  by  three  factors;  quantum  fluctuations,  residual  gas 
and  intra-beam  scattering.  Considering  the  effective  aper¬ 
ture  of  the  vacuum  chamber  with  2.3  cm  in  vertical  di¬ 
rection  in  bending  magnets  and  4.7  cm  in  any  transverse 
direction  elsewhere  [1],  the  quantum  lifetime  will  be  more 
than  1000  hours  for  the  transverse  oscillation.  In  orda 
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Fffn*  1:  fiucb  kagth  tad  Tbatduk  lifttime  venut 
ItF  mlUge  with  Aequewee  of  45  Mflt.  Beam  eumat  m 
100  mA  mtft  400  MeV.  1:  EBSB  mode;  2:  BLF  mode. 


I 


«0  200  300  400  500 

Baam  Eimiv  (MV) 

Fignn  2:  Boritoatal  emittaaee  vermia  beam  energy. 
Beam  etureat  m  100  mA  aad  RF  voltage  ia  00  kV  at 
46  MBm.  1:  BBSB  mode;  2:  BLF  mode. 


to  obtabi  the  Mine  qaentum  lifetime  for  the  longitudinal 
oacillation,  the  RF  voltagfi  neede  to  be  larger  than  10  kV 
at  4S  If  Hi  freqpienqr. 

9bi^,  Iaife>aia^  Conlomb  scattering  within  a  bnndi 
win  raduee  the  beam  lifetime  by  eandng  particle  momenta 
to  exceed  the  nMunentum  acceptance,  widch  is  determined 
by  the  RF  bucket  momentum  hei^t,  the  transverse  dy- 
apertme  and  the  physical  aperture.  IWng  the 
IbnsAek  scattMlng  formulae  [3,4]  and  conndering  the 
bqach  lengthening,  Uie  equilibrium  emittaaee  (resulted 
from  a  balance  among  the  quantum  excitation,  intra-beam 
and  radiation  danqiing  processes)  and  the  elfect 
of  tiM  dispenkm  on  the  beam  dimensions,  we  calculate  the 
scattering  lifetime  in  tile  EUTERPE  ring.  Fig.l  shews  the 
bunch  length  and  Tmisch^  lifetime  as  a  function  of  the 
RF  voltage.  Hie  suitable  RF  v<dtage  iqipeais  to  be  some- 
iriMie  between  10~100  kV,  where  the  Ibuschdi  lifetime 
can  be  kmgw  than  four  hmits  and  the  equilibrium  emit- 
tancs  in  almost  constant. 

Ihrthennore,  for  a  certain  RF  frequency,  the  optimum 
operating  voyage  ought  to  give  a  RF  bucket  height  which 
ie  near  the  transvase  momentum  accqptance  of  the  ring. 
In  order  to  get  a  kmg  Touschek  lifetime  and  not  to  cause 
an  obvious  iiwtease  hi  the  transvwse  emittance,  it  looks 
reasonable  to  dboose  60  kV  as  a  suitable  voltage  in  the  EU¬ 
TERPE  ring.  This  sdectkm  the  RF  vdtage  is  also  good 
enou^  for  getting  a  long  gas  scattering  lifetime,  whidi  will 
be  se«  in  later  disenasion. 

IV.  EMITTANCE  GROWTH  AND  MINIMUM 
EMITTANCE 

The  natural  emittance  is  5.4  nmrad  for  the  HBSB 
mode  aad  168  nmrad  for  the  HLF  mode  [1].  We  have 
4  the  equilibrium  omittance  vrith  the  computer 
code  ZAP  [4].  The  results  are  shown  in  Fig.2.  When  the 
energy  inereases,  the  radiation  damping  increases  quickly 
and  the  emittaaee  tends  to  tiM  natu^  value.  Atthesame 
timn  the  Ibusdidi  lifetime  increases  up  to  5  hours.  The 
interesting  thing  is  that  the  smallest  emittance  appears 


Figure  3:  Bunch  length  and  Tbuachek  lifetime  vermu 
longitudinal  impedance.  Beam  current  is  100  mA  with 
400  MeV  aaergy  and  RF  voltage  ia  60  kV  at  45  MBa. 
I:BBSB  mode;  2:  BLF  mode. 

just  near  the  400  MeV  re^n  which  is  the  expected  oper¬ 
ating  regMMi  for  the  EUTERPE  ring  (It  is  favourable  to  a 
high  qiectral  brilliance).  This  shows  that  the  designed  pa¬ 
rameters  ci  the  lattice  and  RF  cavity  are  reasonable.  On 
the  other  hand,  the  beam  sise  in  the  horisontal  direction 
(injection  repon)  is  about  4  mm  for  the  HLF  mode  and  is 
3  mm  for  HBSB  mode  whm  the  beam  en»gy  is  75  MeV 
with  the  same  RF  parameters.  The  Touschek  scattering 
lifetime  is  longer  than  one  hour  for  both  modes.  Hence, 
this  gives  no  problem  for  the  electron  accumulation  and 
acederatira  uring  1o«  -energy  injection. 

V.  EFFECrrS  OF  DIFFERENT  IMPEDANCE 

FVom  section  II,  we  know  that  the  inBuence  of  the 
turbulent  bunch  lengthening  mainly  depends  on  the  dfec- 
tive  impedance  of  the  ring.  As  the  impedance  increases, 
the  beun  bunch  becomes  longer  and  widw.  Hiis  remits 
in  intr»-beam  scattering  weakening  and  Touschek  lifetime 
increase.  The  bunch  length  cl  is  almost  same  in  the  two 
different  modes  except  when  |Z/n|o  is  smaller  than  2  Q, 
whidi  can  be  seen  clearly  from  Fig.3.  On  the  other  hand. 


tl«  imptiinif  hm  Httfs  iiihiaBCB  on  the  emittanee  in 
trwiwil  ^iwctkm  except  that  a  ehoct  boiKfa  hntth  will 
came  SMie  infam  heeni  aeatteriaf  whan  the  impedeoce  ie 
naO.  Henee.  iritae  the  bench  kngth  ie  not  inycftent  ft» 
the  ajpadhioliaai  tadi^ion,  a  big  kmgitndiaal  impedance 
aoMU  uarfhl  to  get  a  long  bunch  at  a  certain  enirait  and 
to  get  a  long  Metiine. 

VI.  INFLUENCE  OF  BEAM  INTENSITY  ON 
BUNCH  CHARACTER 

When  the  beam  ennent  incieaaee  up  to  the  threab> 
old  /hai  the  beam  bundi  length  ctarts  to  incteaae  and 
the  energy  ^cead  alao  etarta  to  inereaae.  For  the  HLF 
mode,  the  emittanoe  ie  almoet  oonetant  with  inereoeing 
beam  current,  which  indkatea  that  multiple  email  angle 
Coulomb  acattering  ie  not  aerioue  in  that  caae.  However 
for  the  HBSB  mode,  the  emittanee  will  become  large  aa 
the  beam  current  inereaaea,  which  ia  beeauae  the  charge 
dmaity  d  the  bunch  current  in  the  HBSB  mode  ia  much 
higher  than  that  in  the  HLF  mode.  The  emittanee  with 
200  mA  beam  current  ia  near  the  double  of  the  natural 
emittanee.  Then,  the  beam  lifetime  dnqM  by  one  hour. 


Figure  4:  Lifetime  resulted  Atm  the  diSSueat  prooeaaee 
of  beua-gao  iateraetkm  fx  ELF  moth. 

10  eV  threahold  for  PSD.  Thai,  the  preaaure  in  the  mv 
chine  will  be  limited  only  by  the  thermal  gaa  deaorptkm 
of  the  chamber  walls  with  the  expected  CO  partial  pres¬ 
sure  lower  than  10  nPa  corresponding  to  about  4  hours 
GS  lifetime  in  the  HLF  mode.  At  present,  experiments 
ate  carried  out  in  our  laboratory  to  find  the  beat  material 
and  surface  treatment  for  the  vacuum  chamber. 


VII.  GAS  SCATTERING  LIFETIME 

Hiere  are  eaaentially  four  processes  on  the  beam-gas 
interaction  [2],  i.e.,  the  dastie  scattering  on  nuclei  (ESN), 
the  bremastraUung  on  nuclri  (BSN),  the  daatic  scattering 
on  dectrona  (ESE)  and  the  inelastic  scattering  <«  elec¬ 
trons  (ISE).  At  “mm  temperature”,  the  gas-acattering 
(GS)  lifetime  is  given  by 


2.16  X  10-» 


(hours). 


(4) 


where  P  is  the  residual  gas  pressure  in  Pascal,  n,  the  num¬ 
ber  of  atmna  per  gas  mcdecule  and  Ot  the  cross  section 
for  the  electron  losses.  It  tells  os  that  the  GS  lifetime  is 
inversely  prop<»ikmal  to  n,,  P  and  0%.  ot  is  mainly  de¬ 
termined  by  the  ^lerture  of  the  ring  and  by  the  atomic 
number  for  teaidoal  gas  components.  Fig.4  shows  the  rd- 
ative  contributkm  of  the  different  types  of  scattering  to 
the  lifetime  in  the  caae  of  the  HLF  mode,  where  the  RF 
vdtage  is  60  kV  at  45  MHs.  There,  the  ESN  gives  the 
main  cemtribution  to  1/r^.  Because  the  ESN  is  strongly 
dependent  cm  the  0  fonctiem  of  the  lattice,  the  loss  of  the 
electron  is  m<»e  soious  in  the  HBSB  mode  and  the  GS 
lifetime  is  onfy  about  half  of  the  value  in  the  HLF  mode. 

He  vacuum  in  a  running  electron  storage  ring  is  lim¬ 
ited  hy  the  photon  stimulated  desorptiem  (PSD)  orient- 
ing  frmn  the  qmdirotTon  radiation.  The  vacuum  design 
of  EUTERPE  is  chosm  in  such  a  way  that  we  can  expect 
a  partial  CO  pressure  of  100  nPa  at  400  MeV  with  200 
mA.  We  assume  that  the  teridual  gas  mainly  consists  of 
hy<hrogen  and  CO.  Generally,  the  GS  from  hydrogen  can 
be  neglected.  Tims,  the  oqiected  GS  lifetime  is  10  hours 
in  the  HLF  mode,  see  Fig.4.  During  the  injection,  the  crit¬ 
ical  naergy  of  the  nyndirotrem  radiatkm  is  far  below  the 


VIII.  CONCLUSION 

The  estimation  of  collective  effects  in  the  EUTERPE 
ring  indicates  that: 

1.  Using  a  45  MHs  and  20-100  kV  RF  cavity  and  taking 
the  designed  parameters  of  the  lattice,  the  value  of  the  hw- 
ixcmtal  emittanee  at  400  MeV  with  100  mA  beam  current 
is  near  the  value  of  the  natural  emittanee  and  the  smallest 
emittanee  is  8.5  nmrad  in  the  high  brilliance  mode. 

2.  Under  these  conditions,  the  Tbuschek  lifetime  is  kmger 
than  four  hours  in  the  high  light  flux  mode  and  high  bril¬ 
liance  mode. 

3.  It  is  necessary  to  take  a  300  MHs  RF  system  if  a  high  in¬ 
tensity  angle  bunch  (with  single  bunch  current  more  than 
1  mA  )  with  a  length  of  the  order  of  1  mm  is  needed. 

4.  When  the  beam  energy  is  75  MeV,  the  gas  scattering 
lifetime  and  Touschek  lifetime  can  be  more  than  one  hour. 
Therefore,  collective  effects  have  no  obvious  adverse  dfects 
on  low  energy  injection  in  the  ring. 
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Akatract 

A  moment  method  technique  for  solving 
Lafdaoe's  eqjuation  is  presented.  The  technique  is  then 
extended  to  Poisson's  equation  to  include  space  charge. 
The  procecbne  is  implemented  on  a  PC  and  applied  to 
the  oases  of  an  electrostatic  quadrupole  (ESQ)  lens  and 
an  ellipsoidal  bunch  in  a  grounded  pipe. 

L  INTRODUCTION 

Currently  we  are  engaged  in  the  design  and 
(tevelopment  of  a  Low  Energy  Beam  Transport  (LEBT) 
section  fw  H'  ion  beams  [1].  We  have  chosen  to 
employ  electrostatic  lenses  in  this  design,  since  for  low 
ion  velocities  magnetic  lenses  fail  to  provide  enough 
focusing  for  intense  beams  while  gas  focusing  is 
intrinsically  stochastic.  The  cunent  prototype  consists 
of  6  ESQ  lenses.  In  order  to  model  the  action  of  such 
a  lens  it  is  necessary  to  solve  Laplace's  equation  for  the 
particular  lens  geometry.  Once  the  lens  is  characterized 
electrically,  the  information  may  be  used  in  other 
simulation  tools  to  aid  in  design. 

In  general,  numerical  methods  niust  be  utilized 
to  solve  Laplace's  equation.  We  present  a  technique 
vdiich  is  fully  three  dimensional  yet  is  efficient  enough 
for  implementation  on  a  PC.  The  efficiency  of  the 
technique  arises  from  the  fact  that  it  is  based  on  an 
integral  formulation  rather  than  the  more  common 
differential  form.  Instead  of  solving  for  electrostatic 
potential  directly,  we  solve  for  the  surface  charge 
density  on  conducting  bodies.  This  results  in  a  reduced 
dimensionality  of  the  problem  domain.  The  integral 
formulation  also  readily  extends  itself  to  Poisson's 
equation.  Thus,  we  can  model  lenses  in  the  presence  of 
charge  distributions.  Also,  since  we  know  the  surface 
charges,  we  may  evaluate  capacitances  between  various 
lens  elements. 

II.  NUMERICAL  TECHNIQUE 

A.  Laplace’s  Equation 

Letting  ^  denote  electrostatic  potential,  the 
problem  is  usually  seen  in  the  mathematical  form 


-  0  VjteQ, 

«(r)  -A»)  Vxer. 


Here  Ci  is  the  3D  region  of  interest  and  F  is  its  boundary  (i.e. 
F^^dQ).  The  function  f  reivesents  the  given  boundary  values 
and  constitutes  the  data  of  the  {voblem.  Usually  Q  represents 
the  beam  line  and  F  is  the  surface  of  a  focusing  lens,  thus  f 
would  be  the  lens  voltage.  A  finite  differencing  method  would 
typically  attack  this  problem  directly.  However,  we  i^’efer  to 
work  with  an  integral  representation  of  the  problem  rather  than 
the  differential  form  [2]. 

Ax)  -  fG(x,i)aa)d%  (2) 

r 

where 


1 

4n  |x  -  { I 


(3) 


is  the  free  space  Green's  function  for  Poisson's  equation.  The 
function  a  is  introduced  as  the  new  unknown  for  the  problem. 
It  is  recognized  as  the  surface  charge  density  on  the  boundary 
F.  Once  a  is  known,  ^  may  be  recovered  via 


♦(*)  -  /C(x.Oo(Od»C  VxeQ.  (4) 

r 

Note  that  the  dimensionality  of  the  problem  has  been  reduced. 
In  (1),  ^  must  be  solved  on  O,  a  3D  subset  of  E^,  while  (2)  is 
defined  only  on  the  2D  manifold  F. 

We  employ  the  method  of  moments  to  solve  (2),  the 
details  of  which  are  presented  in  [3].  Qualitatively,  the 
technique  is  vary  similar  to  the  representation  of  a  quantum 
mechanical  operator  in  matrix  form.  We  choose  a  set  of 
expansion  functions  {u,}  on  F  which  is  used  to  approximate 
o,  that  is  a(x)=£a,u,(x),  for  some  set  of  a,€  K.  Another  set  of 
functions  called  weighting  (or  testing)  functions  {v_}  is  also 
selected.  After  expanding  (2)  in  {u,}  we  take  the  inner 
product  with  each  of  the  v_'s.  We  end  up  with  a  series  of 
linear  equations  where  the  a,'s  are  the  unknowns.  This  system 
may  be  solved  by  standard  matrix  methods.  We  apply  a 
conjugate  gradient  algorithm  to  this  end  [4];  this  is  an  iterative 
method  which  seems  to  provide  fastest  convergence. 

For  our  moment  method  we  chose  for  {u,}  a  set  of 
piecewise  constant  functions,  constant  over  the  face  of  a 
triangle.  Specifically,  F  is  triangulated  (approximated  by 
triangles,  for  example  see  figure  1)  and  o  is  assumed  constant 
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ovw  Mch  triangle.  This  sekctkm  lesuhs  in  a  finite  A.  ESQ  Ltns 
elemoit  fepieaantatiea  to  (2).  For  the  weighting 

funotiona  we  selected  Doao  delta  functions  located  at  the  A  3D  potential  problem  is  the  modeling  of  an 

centroid  of  each  triangle  (this  is  known  as  point-  electrostatic  quadn^le  lens.  Figure  1  shows  the  computer 
matching).  This  allows  fasten  evaluation  of  the  inner  model  of  an  ESQ  lens  similar  to  the  type  used  in  (I).  It  is 
products  and  yields  good  results  as  Itmg  as  the  triangles  formed  from  4  cigar-shaped  electrodes,  the  beam  would  enter 
are  sufficiently  regular.  from  the  left.  Each  electrode  is  59  mm  long  and  has  a  radius 

of  12  mm.  The  aperture  of  the  entire  Ims  is  10.5  mm.  Two 
B.  Exttnsion  to  Poisson's  Equation  grounding  shunts  are  located  at  z=^l  mm  (they  are  not 


If  we  wish  to  model  a  charge  distribution  p  in 
the  presence  of  our  boundary  F,  it  is  convenient  to 
exploit  the  linearity  of  the  integral  operator  in  (2).  That 
is  the  potential  at  the  boundary  must  be  the  sum  of  that 
iue  to  both  a  and  p. 

M  (5) 

r  0  *0 

or 

Ax)  -  ♦,(»)  -  fG(x,Oo(ttd^i  (6) 

r 

where  4p  is  the  free  space  potential  due  to  the  charge 
distribution  p,  given  by  the  second  integral  in  (5). 
Equation  (6)  is  similar  in  form  to  (2)  and  may  be  solved 
by  applying  the  method  of  moments  as  before  to  the 
boundary  data  f-^p  .  Therefore,  it  is  only  necessary  to 
determine  4p>  the  free  quice  potential  due  to  p,  in  order 
to  apply  the  method  to  Poisson's  equation.  This  may  be 
done  numerically  or  analytically  (if  available). 

III.  APPLICATIONS 


The  preceding  technique  was  implemented 
implemented  with  a  computer  program  written  in 
Borland  C++  3.1.  The  platform  was  an  i486  PC 
operating  at  33  MHz  and  ruiming  Windows  3.1 
operating  system.  All  examples  where  run  in  double 
precision  arithmetic. 


Figure  2;  ESQ  Lens  Focusing  Function 


shown  in  figure  1  to  avoid  clutter)  which  provide  isolation 
from  adjacent  lenses. 

The  single  particle  focusing  effect  (  the  kappa 
function  k(z)  )  from  such  a  lenses  can  be  determined  from  the 
derivatives  dE,/dx  and  dE^dy  on  axis.  Figure  2  shows  the 
computed  data  for  the  y-plane  for  the  case  in  which  the  x- 
plane  electrodes  are  driven  to  IV  and  the  y -plane  electrodes 
are  held  at  *1 V.  The  grounding  shunt  at  either  end  of  the  lens 
cause  the  rapid  decay  in  dE^/dy. 

B-  Ellipsoidal  Bunch  in  a  Pipe 


Figure  3;  2.5:1  Ellipsoid  in  Pipe 
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We  ean  use  the  Poisson  extension  to  simulate 
a  uniform  charge  density  ellipsoid  in  a  conducting 
cyUader.  This  situation  is  useful  in  modeling  cold 
bunched  beams  propagating  through  a  beam  pipe. 
There  exists  an  analytic  solution  for  the  potential  of  such 
an  ellipsoid  in  free  qwce  [S].  Thus,  it  is  only  necessary 
to  model  the  pipe  (surface  charge)  numerically. 


Figure  4;  10:1  Ellipsoid  in  Pipe 


Figure  3  shows  the  axial  potential  and  z 
component  of  electric  field  for  the  case  of  an  axis- 
symmetric  ellipsoid  with  major  axis  2  S  cm  and  minor 
axis  1  cm  inside  a  pipe  of  radius  2  cm.  In  this  case  the 
fields  are  still  relatively  linear,  the  image  effects  from 
the  pipe  are  slight.  However,  in  figure  4  we  see  a  very 
nonlinear  field  for  the  case  of  an  ellipsoid  with  major 
axis  10  cm  and  minor  axis  1  cm.  We  find  that  after  the 
bunch  length  becomes  comparable  to  the  pipe  radius  the 
image  effects  play  an  increasing  role.  The  total  charge 
in  both  cases  is  10  "  C. 

The  above  simulations  can  be  used  to  determine 
the  so  called  ”g-factor"  for  bunched  beams  in  cylindrical 
pipes.  A  detailed  discussion  of  these  results  can  be 
found  in  [6]. 

IV.  CONCLUSION 

The  method  of  moment  technique  has  several 
advantages  and  disadvantages.  The  overall  advantage  of 
the  technique  stems  from  the  fact  that  only  surfaces  are 
considered,  rather  than  3D  regions.  Hence,  it  is  a  good 
method  to  model  complicated  or  otherwise  arbitrary 
geometries.  For  the  same  system  order,  we  get  a  higher 
boundary  resolution  as  compared  to  finite  differencing 
on  a  grid.  Also,  since  the  surface  charges  are  solved  for 
it  is  possible  to  calculate  the  fields  anywhere  in  space, 
without  interpolation.  This  fact  allows  us  to  apply  the 
method  to  unbounded  situations. 


When  dealing  with  the  situation  of  conductors  in  a 
vacuum  the  moment  technique  is  in  general  quite  successful. 
However,  if  many  dielectrics  are  present  it  is  |»obably  best  to 
use  finite  differencing.  Also,  when  it  is  necessary  to  know 
the  Helds  over  a  large  set  of  points,  say  when  doing  many 
particle  simulations,  it  is  probably  best  to  use  finite 
differencing.  Computing  the  potential  is  a  moderately 
expensive  fvocess,  since  we  must  evaluate  (4)  at  each  point, 
while  finite  differencing  solves  for  the  potential  directly. 

For  the  situations  discussed  the  technique  is  well 
suited.  We  need  full  3D  solutions,  yet  only  for  the  case  of 
conductors  in  a  vacuum.  Also,  we  are  only  concerned  with 
the  solution  data  along  the  beamline  axis.  Therefore,  the 
number  of  data  points  to  compute  is  a  minimum. 
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Based  <m  assunqttioiu  applicable  to  many  circular  ac- 
cderaUns,  we  ■iiiq>lify  into  analytical  forms  the  growth 
rates  of  hadfon  beams  under  Coulomb  intrabeam  scatter¬ 
ing  (IBS).  Because  of  the  dispersion  that  correlates  the 
hwisantal  closed  orbit  to  the  nuunentum,  the  scaling  be¬ 
havior  of  the  growth  rates  are  drastically  different  at  en¬ 
ergies  fow  and  high  compued  with  the  transition  energy. 
At  high  energies,  the  rates  are  approximately  independent 
oi  the  energy.  Asymptotically,  tiie  horisontal  and  longitu¬ 
dinal  beam  amplitudes  are  linearly  related  by  the  avaage 
dispersimi.  At  low  energies,  the  beam  ev<dves  such  that  the 
velocity  distribution  in  the  rest  frame  becomes  isotropic  in 
all  the  directions. 

1  INTRODUCTION 

During  the  last  decade,  many  theories  have  been  devel- 
(^d  <m  the  subject  of  intrabeam  Coulcanb  scattering^~'* 
of  the  hadron  beam.  These  theories  assume  that  the  par¬ 
ticle  distribution  remains  Gaustian  in  the  six-dimensional 
phase  space.  Hie  rates  growth  in  the  rms  beam  ampli¬ 
tudes  are  expressed  in  ccmqtlex  integral  forms. 

This  p^ier  attempts  to  describe  the  principle  Scaling 
behavior  of  the  growth  rates  and,  based  upon  which,  the 
evdnticm  of  the  beam  at  dBferent  energy  r^mes.  In  sec¬ 
tion  2,  the  previous  expressions  for  the  rates  are  simplified 
into  ana^ical  forms,  provided  that  the  lattice  of  the  ac¬ 
celerator  mainly  consists  of  tegular  cells.  The  dependence 
of  the  growth  rates  on  tiie  beam  charge  state,  mass,  en¬ 
ergy,  phase-space  area,  and  the  machine  transition  energy 
is  obtained.  Based  on  these  formulae,  we  derive  the  scaling 
laws  of  the  beam  evolution  in  different  dimensions  under 
various  circumstances.  In  particular,  the  results  for  the 
high-energy  and  low-energy  regimes  are  discussed  in  Sec¬ 
tions  3  and  4,  respectively. 

2  BEAM  GROWTH  RATES 

The  growth  of  the  particle  beam  under  intrabeam  scat¬ 
tering  is  usually  described  by  the  relative  time  derivatives 
of  the  rms  horizontal  betatron  amplitude  Ox,  vertical  am¬ 
plitude  <ry,  and  fractional  momentum  deviaticm  Vp,  re¬ 
spectively.  Assume  tiiat  the  scatterings  mostly  occur  at 
small  scattering  angles,  and  that  the  particle  distribution 
remains  Gaussian  in  nx-dimensional  phase  space.  When 
the  transverse  motions  are  not  coupled,  these  rates  are 
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obtained  at  any  location  of  the  machine^ 


r  I  dir, 


X  sin  BdOd^dz 

where  .1.  - 
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+6d  cos  9  sin  9  cos  ^/a, 

P3  =  cos*  9  +  sin*  9  cos*  <f>  —  2  sin*  9  sin* 

Here,  the  prime  denotes  the  derivative  with  respect  to  the 
azimuthal  displacement,  Dp  is  the  horizontal  dispersion, 
ax,y  and  ue  the  Courant-Snyder  parameters,  7  is  the 
Lorentz  factor,  n(  is  equal  to  1  if  the  beam  is  azimuthaUy 
bunched,  and  is  equal  to  2  if  it  is  not.  For  bunched  beams, 
IT,  is  the  rms  bunch  length  and  AT  is  the  number  of  par¬ 
ticles  per  bunch;  for  un-bunched  beams,  N  is  the  total 
number  of  particles  and  at  =  L/^y/ri,  where  L  is  the  cir¬ 
cumference  of  the  machine.  The  quantity  d  <  1  is  the 
effective  ratio  between  the  longitudinal  and  horizontal  to¬ 
tal  amplitude.  The  actual  growth  rates  observed  over  a 
time  long  compared  with  the  revoluticm  period,  are  cal¬ 
culated  by  averaging  Eq.  1  over  the  circumference.  Hus 
averaging  process  is  implicitly  implied  in  almost  all  the 
following  equritions. 

Eq.  1  can  in  many  cases  be  simplified  into  analytical 
forms.  Firstly,  the  quantity  ln(l  -{■  C^z*)  in  Eq.  1  has  a 
weak  dependence  on  the  beam  configuration.  It  can  be 
substituted*  by  a  constant  2Le,  where  Lg  is  about  20. 
With  this  simplification,  the  integration  over  z  can  be  per¬ 
formed.  Secondly,  we  assume  that  the  accelerator  consists 
mostly  of  regular  cells,  so  that  the  variation  in  Dp/fiV^  is 
small  along  the  circumference.  Terms  including  and  3 
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in  Eq.  1  an  thaa  ne^igible.  Repladiig  no’^  and  coa’  ^ 
arith  tiidr  averafe  .vahw  1/2,  Eq.  1  ia  •niq>Med  by  inte- 
gratima  over  a,  ^  ^ 


9,  dt 
1  dy, 

14 

tTy  dt 


■n»(l-d>)  ■ 

=  4iri4oI,F(x)  -aV2  +  d*  ,  (2) 

.  -*V2 


when 


X  =  (a>  +  6»)/2>0.  (3) 

As  shown  in  Fig.  1,  the  function 

,„)  =  =i±(>±M!xi 

with 

Hx)=  V  X  (5) 

( 

is  a  smooth  function  of  x-  ia  positive  when  x  <  1,  aaro 
when  X  =  1  >  and  negative  when  x  >  1-  F(x)  has  the 
asymptotic  expression 


~  *»i. 

N  X 


In  terms  of  the  normalized  transverse  emittance 
<»,v  =  and  longitudinal  bunch  area  S  = 

irmQ€^y9,<rp/^eA  in  phase  space,  Eq.  2  can  be  rewritten 


o>  dt 

1  dffg 
’{£, 


•m(l-.l') 
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-  Ai  -a/2  +  d 

.  -*V2 


tf  the  nuAimi  is  fiiOy  coupled*  within  time  perwds  much 
ahwter  than  the  IBS  iBfliia^m  time,  the  average  rates  be* 


_  Z*N  r^m^c^Lt  , 
“  6fi*y€,€,S 


T.'i 

$0>y,...S  (_*  +  i>)/2 

m 

(8) 

3  BEAM  EV(»«UTION  AT  HIGH  ENERGIES 

In  a  typically  circular  accelerator,  the  traaaiticm  energy 
77*  is  ^proximatdy  equal  to  the  average  value  dt  fig/ Dp  in 
the  regular  cells.  When  the  beam  energy  is  high  y>i/T, 
the  growth  in  horizontal  direction  results  mostly  from  the 
variation  of  the  betatron  closed  orlut  during  the  exchange 
of  the  particle  momentum  (a^  C  (F).  The  growths  in 
hc»izontal  and  longitudinal  amplitudes  are  therefm  pro¬ 
portional  to  each  other  (Eq.  2). 

Consider  the  case  that  the  vtttical  Op  is  very  small,  i.e. 
(»  the  average 


CFm  O 

^<5 


7>Tr- 


Except  for  the  form  factcws  x,  d,  a,  and  6  that  depend  on 
the  ratio  of  the  beam  amplitudes  in  different  dimension, 
the  rutes  are  linearly  proportional  to  the  density  in  the 
six-dimensicmal  phase  space,  and  are  strongly  dependent 
(~  Z*/A^)  cm  the  charge  state  of  the  particle. 

Hie  growths  ia  the  longitudinal  and  vertical  amplitudes 
axe  both  cansed  by  the  variation  of  the  velodtie  in  the  ca- 
responding  direction.  The  growth  in  the  h<»h«ital  anqili- 
tude,  on  the  other  hand,  is  caused  partly  by  the  variation 
in  the  horizontal  velocity,  and  part^  by  the  change  in  the 
betatron  closed  mbit  when  the  mcmia^om  of  the  parti¬ 
cle  is  varied  during  the  cdlision.  It  can  be  easily  verified 
that  the  first  (or  second)  part  dominates  when  the  beam 
is  bebw  (<»  ^ove)  the  transition  mergy  of  the  machine. 

The  coupling  between  the  horistmtal  and  vertical  mo- 
tkm  averages  the  growth  rates  in  the  transverse  dimenshm. 


It  may  be  verified  that  x  >  I>  ond  F(x)  <  0.  According 
to  Eq.  2,  both  the  horizontal  and  longitudinal  amplitudes 
shrink,  while  the  vertical  one  grows.  The  beam  evi^ves 
until  Eq.  9  is  no  longer  satisfied. 

WIk  the  vertical  amplitude  is  no  longer  small  so 
that  X  <  l>  hoth  horizontal  and  Imigitudinal  amplitudes 
grow.*  Conrida  the  effective  ratio  between  the  haris<Hi- 
tal  betSitron  amplitude  and  longitudinal  anqilitude,  Cjr  = 
ntneOg/D^Op  where  n,  is  equal  to  1  if  the  hmizontal  and 
vertical  motions  are  not  coupled.^'  and  is  equal  to  2  if  they 
are  fully  coupled.  Usi^  Eq.  2,  the  rate  of  change  of  Cm 
can  be  derived  (m  the  average 

^=4rAolcd*CMF(x)(l-CM).  (10) 

( 

Hiis  rate  is  positive  if  Cm  is  less  than  1,  and  is  negative  if 
Cm  is  larger  than  1.  Therefore,  Og  and  Op  grow  such  that 
asymptotically  the  quantity  Cm  approaches  1,  or 

w  7  >  7T.  (11) 

9g  and  Op  are  related  only  by  the  average  disperskm  Dp. 

In  a  typical  storage  ring  like  tiie  Relativistic  Heavy  Ion 
Cbllider  (RHIC),  the  beams  are  st(»ed  at  energies  much 
higher  than  the  transition  energy.  Due  to  coupling  and 
iqiection  conditions,  the  horizontal  and  vertical  betatron 
ampUtudea  are  about  the  same.  The  growth  rates  can  be 
explicitly  written  from  Eq.  2  by  using  Eq.  6 
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Tbeir  dq>«i<ieiice  on  the  owigy  of  the  beam,  which 
pean  on^  in  the  fotm  &ctor  d,  ia  usually  weak.  After  the 
initial  stage  of  storage,  the  asynq>t<^ic  confifaration  Eq.  11 
win  he  ^nproodmatdy  reached  (d  m  ntne/(l  +  ntn,)). 

4  BEAM  EVOLUTION  AT  LOW  ENERGIES 


Beam  evohitkm  at  oiergies  much  lower  than  the  tran¬ 
sition  energy  of  the  machine  can  be  studied  similarly.  At 
low  energies,  a*  ^  tP,  the  growth  in  horizontal  amplitude 
is  mostly  caused  by  the  wiation  in  the  horizontal  velocity 
alone.  Eq.  2  indicates  that  the  growths  in  horizmit^  and 
vertical  amplitudes  am  proportional  to  each  other. 

Counder  the  case  that  the  longitudinal  Vp  is  very  small, 

i.e.  on  the  average 


7<Tr. 


(13) 


where  Cl  =  is  the  betatron  velocity  ratio  be- 

tweoi  hwizontal  and  vertical  directions.  It  may  be  veri¬ 
fied  that  X  <  snd  ^(x)  >  Q-  According  to  Eq.  2,  both 
horizontal  and  vertical  amplitudes  shrink,  while  the  lon¬ 
gitudinal  <Mie  grows.  Ihe  beain  evolves  until  Eq.  13  is  no 
longer  satisfied. 

When  the  longitudinal  amplitude  is  no  longer  small  so 
that  X  >  both  horizontal  and  vertical  amplitudes  grow. 
Uang  Eq.  2,  the  rate  of  change  of  Cl  can  be  derived 

^  =  -4irAoL«a’C£F(x)(l  -  Cl).  (14) 


Og  and  Vp  grow  in  such  a  way  that  asymptoticaUy  the 
quantity  Cl  <q>proaches  1.  Combining  with  Eq.  13  and 
the  previous  results,  we  therdbre  obtain  the  asymptotic 
beam  configuration  at  low  energies 

T<Tr.  (15) 

Pm  Pf  7 

The  three  quantities  in  Eq.  15  are  proportional  to  the 
horB<Hital,  vertical,  and  longitudinal  velocities  in  the  rest 
frame  df  the  particla,  le^ectivdy.  Eq.  15  implies  that 
the  beam  evolves  such  that  the  velocity  distribution  in  the 
rest  fraiw  becomes  isotropic  in  all  the  three  directions. 

5  CONCLUSIONS  AND  DISCUSSIONS 

Based  on  assumptions  applicable  to  many  circular  ac¬ 
celerators,  we  simplified  the  general  integral  expressions 
(Eq.  1)  of  the  IBS  growth  rates  into  analytical  forms 
(Eq.  2).  The  rates  are  expressed  in  terms  of  the  beam 
charge  state,  mass,  energy,  phase-space  area,  and  the  ma¬ 
chine  transition  energy,  both  for  the  nn-coupled  (Eq.  7) 
and  fully  coi^iled  (Eq.  8)  cases.  They  have  been  shown  to 
be  linearly  proportional  to  the  particle  density  in  the  six¬ 
dimensional  phase  space.  Because  of  the  dispersicm  that 
correlates  the  horizontal  closed  orbit  to  the  momentum, 
the  dfect  of  intrabeam  scattering  is  different  at  different 
enagy  r^ime.  At  energies  much  higher  than  the  transi¬ 
tion  energy,  the  growth  rates  have  been  shown  to  be  ap¬ 
proximately  ind^ndent  of  the  energy  (Eq.  12). 


Quantitative  comparisons  have  bera  performed  <»i  the 
average  growth  rates  between  the  sinqple  estimate  (Eq.  7) 
and  the  detailed  evaluation  (Eq.  1)  including*  lattice  vari¬ 
ation  using  the  actual  RHIC  lattice.  Fm  both  the  iiyection 
(k>w  energy)  and  storage  (high  raergy)  cases,  the  relative 
deviation  between  them  is  about  20%. 

The  evdiutioi  of  the  beam  in  different  dimensions  has 
been  investigated  at  energies  both  nuich  hi^er  and  much 
lower  than  the  transition  energy.  At  high  energies,  the 
asymptotic  beam  amplitudes  in  horizontal  and  longitudi¬ 
nal  direction  we  shown  to  be  linearly  rested  by  the  av¬ 
erage  dispersion  (Eq.  11).  At  low  energies,  on  the  other 
hand,  the  beam  evdves  such  that  the  velocity  distribution 
in  the  rest  frame  beccunes  isotropic  in  horizontal,  vertical, 
and  longitudinal  directions  (Eq.  15). 

During  the  entire  analsrsis  it  has  been  assumed  that  the 
beam  distribution  remains  Gaussian  in  the  phase  q>ace. 
This  assumption  is  valid  only  when  the  beam  anq>litudes 
are  small  compared  with  the  machine  aperture.  In  the  case 
that  beam  loss  occurs  due  to  aperture  limitation,  different 
iq>proaches*  have  to  be  adopted. 
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Fig.  1.  Function  F(x)  with  0  <  x  <  <»• 
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Atetract 


wkm  tlM  war  foMtiaa  &£(«)  m  ddbMd  m 


ka  trapiifaf  phionaa  k  th*  Plfl  rtorae*  dag  km 
bam  rladM  bgr  conipato'  d—Jiitine  ia  tka  rkw  poiafc 
of  taar  ikMI  dbd  of  Iht  obcteoa  teaoL  loai  cnatod  bp 
•tiaat  qraehiotaaB  radiatiaa  bi  th*  racaam  an 

tnqppad  aad  accamalatod  ia  tha  obetraa  beam  potaatial, 
aad  tbaa  IIm  baam  aad  tha  ioaa  BMaa  ia  tha  potaatial  of 
aack  othv.  Ibaa  akifta  ia  tonaa  of  variooa  baaat  canaata 
■koiw  a  rtahia  aaatabb  baad  atractare  laproaaatiaf  tka 
lahtioadH^  of  tiM  taaaa.  fbr  tka  aaataMit  taaa  aalaaa, 
a  partial  bMaa  iOiag  aad  claariag  dactrodaa  aia  aaad  to 
claar  tka  kna. 

1  INTRODUCTION 

CSvealatiaf  Aaetm  baaaM  ia  tka  atorafa  nag  gaaarata 
atraag  qraduetioa  radiatioa.  Bvaa  tkoagk  tka  atoraga 
ifav  Biafadaiaa  aa  aitraJu^  aacaam  eoaditloa,  atmg  rap 
aad  baaot  itadf  ioaiaa  tka  laddaal  gaa  atolacalaa. 
Tbaaa  ioaa  caa  ba  tnppad  ia  tka  Aactroa  baam  patk. 
Tkia  pkaaoaiaaon,  calladicm  trappiag,  caa  load  to  dagra- 
of  parforataacaai  ""n^^^tpiaa,  caa  raaao 
baam  iaatdbffi^  or  baam  bloir>«qp.  Sariiar  atadiaa  oa  tka 

tqipBgll  |naxr  *^**'et  tbt  BMCk- 

aaiaa  aad  coaaamMBcaa  of  tka  ioa  trappiag  pkaaoaaaaoa. 
h  tkia  nport,  tka  abaalathia  naalta  adag  auajioaa  aad 
rmioaa  iffiag  pattaiaa  ara  praaeatad,  aqMcia^r  tritk 
9act  to  tha  toaa  akift. 

3  THEORY 

2.1  Eketnc  Fidd 

A.  drcahtiag  alectr<m  baam  km  Um  faUowiag  ckarga  dia- 
ttibatioa: 


'<*■•'  = -5^ 


(1) 


wkara  Cg  aad  Oy  ara  beam  anaa  ia  s  aad  p  diractkm, 
rmpactiadtr,  aad  N,  tor  tha  aamber  of  aloctroaa  ia  tka 
battm  baaclu  Tkia  laada  to  tka  elactoic  fialda  aack  aa: 


fcf(a)-^jf’a-<*df.  (S) 

H«a, 

aad  r  »  Tnataad  of  ariag  tka  cempha  oaror  fiaao- 

tka  ia  Baf.  [1),  wa  aaad  a  real  amr  fbactaoa.  Tbaa,  tha 
imalt  ia  aamarkalbr  cakohbk  by  tha  llathamatka'^ 
pro^am. 


2J2  Equal  ion  of  MoUm 

Tha  typical  loagtk  of  tha  aloctraa  bMm  ia  about  32  pa 
for  PLS  atoraga  riag.  Tkia  ia  moA  dtortar  tkaa  tha  aiiaip 
mammtaractaoamtanral^tAiAiaSaa.  Tha  iataracthm 
bateaaa  ioaa  aad  alactroa  baama  caa,  tkao,  ba  foaddarad 
to  ba  iaataataaaooa.  Ioaa  aipariaaea  bnpalm  daa  to  tha 
paaoiag  Aactcoa  baam  aack  m 

mt/iii  -  qt/c  Em(»i  -  HtVi  -  ia),  (4) 
mi A»  *  «/e  JV(si  -  *t, »  -  Kt). 

At  the  oaiaa  ttBM,  tha  motioa  of  tha  eleetroa  baack  ia  alao 
aSactad  by  thaaa  Mwa  by 

TfmJfaAsa  =  -fi/cAs(a:f-sa,P(-ia),  (3) 

nm,N,Ai^  =  -f{/eAa(«i-sa.ltt-|k)- 

Hora,  rm,  m«  ara  mamm  for  tha  ioa  aad  tha  aloctm, 
ra^actbrabf.  qt  ia  tha  alactric  durga  of  the  ioa,  aad  7 
k  tha  rdatrrktk  factor.  si  (m)  aad  ^  (|^)  are  s  (y) 
locatioea  far  tka  ioa  aad  tka  canter  of  dectm  beam,  ra- 
qiacthrdy  After  tha  iaataataaaoaa  iataractioB,  ioaa  drift 
ftaaly  dariag  4  or  aatal  tka  aast  aloctroB  bench  anivm  in 
tka  caaa  of  partial  Slfing.  Tha  alactroa  baam  moraa  along 
tka  beam  tnqactoay  with  a  omataat  ^aad  e.  Dating  tha 
time  interval  4,  tka  phaaa  advnncaa  of  tha  dactroa  baam 
ara  »  *'•04  in  *  dkactimi  and  A^y  =  in  y 
dkactioB.  Bara  Vm  and  m  tonaa  ia  x  and  y  direction. 

2.3  Time 


_ _  (>) 

*1bMfc  aapppcUd  by  Pohaac  Inn  *  itaal  Co.  and  Ifflidrtiy  at 
Sdmea  aad  IMmoloar,  Kofva 


Tbaaa  of  tka  dactron  beam  caa  ba  rakalatad  by  Foaiiar 
tramdorm  of  tha  baam  motkm.  bi  y  dkactioB,  ktr  taem- 
pla,  wa  dafiaa  tha  Foorier  amiditada  m 

/— 00 


0-7803-lWl/93S03.00  0 1993  lEBE 


3^ 


«iMn  lk«  iNifU  fcafeMw  IT  k 

(7) 

Tfct  wdi#>  taerioa  to  Mi**  cowpitotioad 

tfaM.  lW  w  rHotaMni  k  fk«i  •»  dw  ~  2w/r.  B  m 
dMMMt  r  10  itMCi  •kowt  0.1  Iflb  fra^pMBcjr  niohlkiK 
CHI  Iw  cbl^Md  k  the  ifaBclckMu  The  *****  k  irMikcH 
tf  jlnttki  il(w)  k  taOM  of  the  friqMaqr. 

8  SlMITlJhTION 
8.1  JknuMten 

The  kmaktiMi  k  bccid  cm  nS  atcga§»  ikg  panmetan, 
nldch  M«  ■ceim  irked  k  lUbk  1.  maec  kac  noriTHy 
■todbr  ccw^Mci  to  thi  ikctroa  b— m,  the  kkrcctioa  b» 
tacHi  kail  Hid  chetraa  ********  k  **— *«**d  to  be  rnadcod 
to  thi  sp  phao.  TIm  ikctroa  boom  koo  k  oko  fxod 
darkf  tho  kmolotka.  Tb«o  k  ao  oxt«aol  doctrk  or 
oufaotk  OflUf  OQ  Ao  ka  tnppk(  tobio  k  tho  mo 

each  00  kaf  koHtka  otraiAt  ooetka  lAm  the  vooram 
prwioio  k  nktk^P  poor.  Boom  kupoctoat  vokai  oaod 
k  tho  okrakika  m  Iktod  k  Ikbk  2. 


Ib^  1;  Pmmotm  far  PL8  otoroio  »kg 
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BGoV 
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2ao.nm 

Bom  Camat 
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BotatrooTham 
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BffrinTatat 
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Vortical 
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IJlxlO-* 

Nataral  BaaAUagA 
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Oaavkf 
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Horiooatal 

18.8  BMoe 

Vortkal 

18.8  amae 

Loagkadkal 

8.84  moic 

t  ot  tho  eootar  of  koHthm  otroiidO  ooetka. 

I  lOX  OHittaaoo  rotk  k  Haoaiod. 

8.8  Jfoaa 

NaadNr  of  kao  aootod  dao  to  tho,  ijrachiolroa  rodiotka 
coa  bo  dotanakod  bjr  tho  aoatralkoCka  If  oduch  k  dodaod 
00  »  ratio  of  kao  to  tho  iloctwai.  Bm,  wo  amomi  thot 
tf  k  OJN.  k  tho  kiaalotka,  117  kao  of  durgo  Bft  m 
aood.  Tho  «**«i*»r»»i^^^  ketor  S  k  ilHa  iiiinnd  bjr  tho 
aoatrolkotka  i/  oad  tho  oketroa  boom  cairoat  I.  Ho 


amm  aaadior  of  tbo  ka  k  21  iriddi  loproomdo  a  akoo 
fia  ka(ll|’)  or  a  eoAoa  aamoaido  ka(00'^).  Thooo  m 
aoaol  bochfpoaad  kao  foaad  k  tho  otorafo  ikg  oacaam 


Tbbk2: 


Berkoatal  (o.) 

0.85  oua 

Ihrtkal 

0.18  aim 

No.  of  kao 

117 

kallam 

28 

WialfaHiilinio 

0J% 

•^9*^  N _ 

l/5Q0J087pioc 

3.8  lONTRAPCode 

Tbo  dmalotka  codo  lONTRAP  k  wiittoa  k  tho  C++ 
laagaago.  Bdiaio  tbo  codo  cilcalitoo  oqaatkao  of  bm>- 
tka,  oloetric  loldo  ohowa  k  Bq.  (2)  m  colralotod  bjr 
llatbomotka,  oad  tho  woalto  ore  miod  oo  oa  b^at  to  tbo 
KINTRAP.  Tbk  lodacoo  ooaipotatkaal  tkm  drootkalhr, 
io  tbo  codo  raao  oa  aa  oidkoiy  poiaoaal  cooip^or.  Tho 
doctrie  fioU  proik  k  obowa  k  Figm  1. 

4  RESULTS 

Sibkla  dao  to  tho  ka-boom  ktiraetka  caa  bo  oboamd 
lAoa  tbo  boom  drealatoa  Ao  atorago  tkg  withk  100 
tana.  Oao  baadrod  tans  m  oqakakat  to  aboat  0.1 
OMoc  for  Ao  PLS  atorago  nag.  It  k  woD  kaowa  that 
katvkg  gi^o  botwoai  coaaoeotifa  baachoo  caa  cm  ka 
trappkg  pboBomiao  [2].  figm  2  ohowa  taao  ebaagm  k 
tonoo  of  diCmat  gap  daoo  for  diBoroat  boom  camato. 
Tho  taao  chaago  k  oo  bod  oo  0.1  k  Ak  okmktka.  Aa 
oopoctod,  Ao  taao  chaago  k  ngaiicaat  lAoa  tho  giq^  k 
aot  kogo  OBoa^  Ibr  a  laod  beam  canaat,  Ao  taao 
ahift  k  okalkr  ao  Ao  g^  k  largm,  ao  dmwa  k  Figm  4. 
Wkem  Ao  gap  dao  k  largm  Aaa  5%  of  tho  whok  backt, 
Ao  taao  chaago  k  xodaood  to  arkhk  0.01.  Hbwarcr,  Fi|^ 
m  4  ahowo  that  Am  k  otiD  a  ootak  raago  of  boom 
camato  lAkh  gkoo  roktkiljr  kogH  kao  Aifka  arhaa  tho 
gapdaokiaed.  kaaggioli  AaftaaoqaoatklbaAdillkg 
k  bottH  Aaa  itorhkg  dirttoaa  kto  tho  partklk  BBod 
badalo  daikg  tho  kjoetka  poriod  whoa  tho  ka  tr^pkg 
phoaomoao  m  coaoidorid,  A  ckaikg  oloetric  Bold  k  ^ 
plkd  k  order  to  roAice  Ao  taao  Aaago  faiAor  aa  danra 
k  Figm  5.  Aboat  1  kV/m  DC  potntiol  k  aocomiiy  to 
docrom  Ao  taao  chaago  to  km  Aaa  0.001. 
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Bg.  1:  Electric  field  profile. 


Fig.  2:  Tune  changes  in  x(ui^r)  and 
y(lower)  ditection. 
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BEAM  HALO  FORMATION  FROM  SPACE-CHARGE  DOMINATED 
BEAMS  IN  UNIFORM  FOCUSING  CHANNELS 
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Absmet 

In  ^woe-cliarfe  dominated  beams  the  noolfaiear  space- 
elMife  foeoes  proAice  a  filanientation  pait^  which  results 
hi  a  2-caiB|ionent  beam  consisting  of  an  inna  core  and  an 
outer  halo.  The  halo  is  very  prominent  in  mismatched 
beams^'^  and  is  a  concern  because  of.the  potential  for 
acoelemtor  activation.  We  present  new  results  about  beam 
hato  and  te  evolution  of  qpoe<haige  donunsaed  beams  from 
multipartfele  simulation  of  initial  laminar  beams  in  a 
unifrm  liimar  focusing  channel,  and  from  a  model 
consisting  of  sin^e  particle  interactions  with  a  uniform- 
density  beam  core.  We  study  the  energy  gain  from  particle 
interactions  with  the  space-chaige  field  of  the  coTO^.  and  we 
identify  the  resonant  characteristic  of  this  imeiaction  as  the 
basm  cause  of  the  separation  of  the  beam  into  the  two 
componmits^.  We  idmitify  three  different  particle-traicctory 
types,  and  we  suggest  that  one  of  these  types  may  lead  to 
continuous  halo  growth,  even  after  the  htto  is  removed  by 
coQimacon. 

I.  PHASE-SPACE  DYNAMICS  FROM 
MULTIPARTICLE  SIMULATION 

We  use  multiparticle  simulatitm  to  study  a  round 
continuous  beam  in.a  uniform  linear  focusing  chmmel  with 
purely  redial  focusing.  For  the  studies  describe  in  this 
pqier,  the  Gomputre  c^  has  been  run  with  3000  simolation 
particles  tiuough  56  siq;»  per  plasma  period.  We  have 
chosen  to  stu^  the  dynamics  of  initially  Gmissian,  laminar 
(zero-emittance)  beams,  where  the  initial  density 
dslitiwtioos  are  truncated  at  three  stimdard  deviations.  In 
Rg.  la  we  show  the  radial  or  r-r*  phase  qmce  at  20  plasma 
periods  for  an  initial  mismatch  parameter  M«  1.5,  where  the 
miamatch  parameter  gives  die  ratio  of  the  initial  beam  radius 
to  the  matdied  radius.  We  assign  an  initial  positive  radius  to 
all  particles,  but  if  during  the  simulation  a  particle  crosses 
the  a»8,  we  change  die  Sign  oS  the  radius  before  plotting  a 
point  in  r-r*  space.  Fig.  la  shows  the  inner  erne  and  die 
omer  hido  fihunent  as  distLKt  structures.  At  present  there  is 
no  estaNi^ed  criterion  for  defining  the  halo.  We  define  the 
core  and  the  halo  by  choosing  a  core  ellipse  in  r-r*  space  with 
the  smne  Courent-Snyder  ellipse  parameters  as  the  rms 
ellipse  with  an  emittance  that  we  diink  encloses  most  of  die 
core  and  excludes  most  of  the  halo. 


*W(0ric  supported  in  part  by  Los  Abrnios  Nationd  Laboratory 
hta^utional  Supporting  Researches  under  die  mispices  the 
UaiM  Stmes  Department  of  Energy. 

•*^apponed  in  part  by  SDK>-84-92-C-0025 


Rgure  1.  Results  at  20  idasma  perkxb  from  midtipu^le 
simulatMTo  of  an  initial  OaussimiHdeaaity  lammar  brem  in  a 
uniform  linear  focusmg  chaimd.  The  initial  rms  size  in  x  is 
larger  than  the  matched  value  bye  factor  M>  1.5.  We  show 
a)  r  -  r*  phase  space,  b)  particle  energy  U  versus  the  mitial 
partide  energy  Ui . 

Fig.  lb  shows  the  distribution  at  20  plasaaa  periods  of 
zero-current  puticle  energy  U  versus  initial  Ui.  The  core 
qipears  as  ^  coocrnitretion  of  particles  at  small  U.  All 
particle  energies  are  normalized  so  that  die  pruticle  with  the 
maximum  initial  energy  (largest  initial  radius)  has  Ui  *  1. 
Fig.  lb  shows  that  after  20  plasm  periods,  the  beam  does 
contaia  particles  with  U  >  1.  which  have  more  energy  dmn 
the  most  energetic  initial  particle.  The  halo  is  mosdy 
populated  by  the  particles  dim  have  huge  initid  eatrgy,  ijt^ 
have  large  initial  radius.  However,  a  small  fra^m  of 
particles  with  small  initid  radius  (only  one  such  particle  is 
present  m  the  3000  particle  run  and  it  is  not  vi^e  in  Fig. 
1)  also  populate  the  halo,  and  die  fraction  ot  these  halo 
(Mtticles  with  small  mitial  energy  increases  rqndly  with 
increasing  mismatch  parameter. 

The  characteristics  the  beams  after  20  plasma  periods 
are  shown  in  Tdde  1.  All  particle  energies  in  Table  1  are 
normdized  in  die  smne  way.  to  unity  for  the  iiiitid  matched 
beam  case.  Column  1  shows  die  initial  mismatch  pmameter 
M.  Cdumn  2  shows  the  vdure  of  the  core  emittance  to  rms 
emittance  ratio.  Cedumn  5  shows  that  the  maximum  particle 
energy  increases  from  the  initial  value  by  10%  for  the 
matched  case,  and  increases  by  50%  for  a  misinmeh  of 
M  «  2.5.  The  last  two  columns  show  the  percentage  of 
final  particles  in  the  halo  and  the  percentage  of  final  particles 
with  miergy  that  exceeded  the  maximum  initial  particte 
energy.  We  see  agam  that  die  percenter  particles  in  the  ludo 
increases  ngiidly  with  increasing  mismatch,  and  reaches  a 
value  oi  over  30%  for  an  initial  mismatch  parameter  of  2.5. 
We  are  unable  to  define  die  halo  unambiguously  for  Mai. 
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Table  1 

Bean  Halo  CtMTKlBnstks  at  20  PtaBBaa  PeriMb  for 
Beams  wifo  DUIbrem  Iidtial  Afinoaicb 


M 

^core^tyms 

Uiatax 

Umax 

UmaxAli,max 

%inhak> 

%U>1 

1.0 

— 

1.00 

1.10 

1.10 

— 

0.1 

15 

7 

2.25 

2.97 

1.32 

5.4 

2.2 

2.0 

3 

4.00 

5.90 

1.48 

16. 

1.7 

25 

2 

6.25 

9.38 

150 

31. 

2.0 

n.  FHASE^SPACE  DYNAMICS  FROM 
UNIFQRM-DENSrrY  CORE  MODEL 

A.  Emrgf  Transfer  Between  a  Single  Particle  and  an 
OseUtatb^Care. 

To  gain  some  physical  insight  into  what  we  obMrve 
in  the  simalation,  we  consider  the  model  oi  a  zero- 
emittaace,  onifonn-density  beam  core  of  radius  R, 
propepRing  in  a  unifonn  linear  focusing  channel.  The 
tranevose  equation  of  motion  of  the  beam  radius  is  given 
Iqf  the  envelope  equation 

2b  ^  A 

■p-+»o*-7=®" 

where  <no  i*  Ok  natural  fitequency  at  zero  currem  of  a 
single  pnticle,  and  nomelativistically  K  s  ql/Zxeomv. 
where  q,  m,  and  v  are  the  charge,  mass,  and  axial  velocity 
of  the  particles.  I  is  the  beam  current,  and  eo  is  the 
penneabflity  of  free  qnoe.  For  the  matched  beam  fikldfi 
3  0,  and  the  matched  beam  radius  is  R = Rq  «  VF  /  (Oq. 
The  transverse  equation  of  motion  of  a  single  test  particle 


y  +  BSx-f.c-0, 

where  Fsc^  the  space  charge  force,  given  for  a  unifonn 
denskyby 

jf  _f  KxIR^,  x<R. 

x>R. 

The  laO  particle  energy  is  not  constant  because  trf  the 
qrace-chaige  iqiulsion  a(  the  core.  For  a  matched  core 
radias,  diete  is  no  net  change  in  enogy  averaged  over  a 
complete  pmiod  of  particle  motion.  an  oscillating, 
misinatched  cote  there  am  be  a  net  change  in  particle 
energy.  For  a  small,  radially  symmetric  core  mismmch  dR 
about  the  equilforium  racfins  1^  we  can  write  for  X  <  R, 

j2„  — 

— AOrxcosQtsO, 

dP- 

where  6R/Ro  »  A  cos  fit  and  This 

^iproximate  result  is  a  special  case  of  the  Mathieu 
equation,  wlrich  sug^sts  periodic  solutions  in  x  for 
potide  fiequencies  bdow  half  the  core  frequency  fl. 
Whoi  the  pmticle  frequency  is  half  the  core  oscillation 
freqaen^,  we  expect  a  resonant  growth  of  the  x 
aUii^tude.  The  resonam  condition  requires  a  constant 
phase  rdatfomliip  between  the  particle  and  the  core.  We 
expect  liitt  the  effect  of  die  northnearity  outside  the  core 


is  to  create  a  self  limit  to  the  resonance  because  of  the 
change  of  frequoicy  with  anqilitude.  which  causes  a  loss 
of  phase  cohoence.  Ihe  core  osciUadoo  causes  a  rate  of 
energy  gain  for  a  particle  with  velocity  i  within  the 
beam  core,  given  by 

~  =  F  •  i  = -Afl^  X  xcosQi. 
dt 

A  particle  that  posses  through  the  beam  core  can  either 
gain  enogy,  loose  energy,  or  have  no  net  energy  change, 
depending  on  the  relative  phases  of  the  particle 
displacein^  the  transverse  velocity,  and  die  core  radius 
oscillation. 

B.  Trajectory  Ctass^ation 

A  smdy  of  the  trajectories  of  indivkhial  particles  has 
been  helirfbl  for  undostanding  the  dynamics  of  the  halo 
formation.  The  uniform-core  model  described  above 
provides  an  important  reference  point  for  such  a  study.  We 
have  numerically  integrated  die  trajectories  of  particles 
through  the  fleld  of  die  uniform  core  for  the  M  « 15  case, 
launching  particles  with  different  initial  x  values,  and 
with  i?  =  l.S,  RsO,  andxsO.  We  find  three  distinct 
classes  of  trajectories,  which  for  the  M  »  1.5  case,  we 
describe  in  terms  of  the  initial  x  diqdaceroent  as  follows: 
a)  For  X  <  1.5  the  particles  oscillate  in  phase  widi  the 
core  radius  about  th^  own  equilforium  raAus.  These  are 
stable  radial  plasma  oscillations  within  the  core,  and  we 
refor  to  these  orbits  as  piasna  trajectories,  b)  For  x  >  2.0 
die  particles  oscillate  about  the  origin  with  an  orbit  in 
phase  qiace  that  lotdcs  Uke  an  eUipse  that  is  pinched 
inward  along  the  velocity  axis  (the  pinching  is  caused  by 
the  q»ce-charge  force  of  the  cote).  The  mnplitudes  ate 
variable  and  each  orbit  is  confined  to  a  narrow  band  in 
phase  space.  These  particles  occiqiy  the  htdo  and  we  call 
these  orlMts  betatron  trajectories,  c)  Hnally,  for  15  <  x  < 
2.0  the  particles  execute  a  more  complex  motion.  They 
may  initially  qiend  part  the  tinie  executing  idasma-ldBe 
oscdladons  within  the  core,  after  which  di^  move  into 
the  propm  phase  reiatkm^p  with  reqiect  to  the  cme 
oscillations  such  that  they  can  gain  oiergy  and  move  into 
an  outer  betatron-like  orbit  in  the  hak>.  These  particles 
can  also  reverse  the  pattern  and  return  from  die  outer 
betatron-like  (Hint  in  the  halo  to  a  plasma-like  orbit 
within  the  core.  We  refer  to  these  as  hybrid  trajectories, 
and  we  ffnd  that  these  particles  are  strongly  affected  by 
resonant  energy  transfer  widi  the  oscillatit^  C(xe,  which 
can  cause  eidia  energy  loss  into  the  core,  or  energy  gain 
into  the  halo.  Figure  2  shows  examples  of  these 
tnuectories  in  phase  qiace  traced  for  20  core  oscillation 
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pMiOtfl  uiBf  tfw  uniibnn  core  nMMiBl,  wiili  «bo  -  1.  and 
K  «  1,  laucted  the  fiidlowhig  initial  coalitions: 
Rm\.5,kmQ,  andi>0,  and  a)  x  «  1.0.  h)  x  ■■  l.SS, 
c)  X  •  liSS,  and  d)  X  «  2.2.  The  ontlines  of  the  core* 
ladiini  oaeiBadon  are  shown  on  each  of  the  (dots, 
extending  firov  x«±0.5743  tox»±1.30.  These 
tsuaqdes  show  a  pun  plasma  tnjectory  in  Fig.2a.  a 
hybrid  tia|eaary  that  has  not  yet  Idk  the  core  hi  ^  2b. 
a  hybrid  tnyMtory  in  the  halo  u  Fig.  2c,  and  a  periodic 
betairon  tndsctary  hi  the  halo  m  Hg.  2d. 

The  discovery  of  the  hybrid  trajectories  is  inqiortam 
because  of  die  imidicadons  for  the  effectiveness  of 
collhnation.  SuppiMe  at  a  given  time  the  beam  is 
oolltmated  to  remove  the  existing  halo.  Any  such 
colUnuuion  procedure,  even  if  carried  out  under  the  most 
ideal  of  circumriances,  would  be  able  to  remove  only  the 
pmticles  with  betatron  trajectories  and  the  (larticles  with 
hybrid  trajectory  which  at  that  tunie  populate  the  halo. 
Any  hybrid  :;ri»ts  that  are  widiin  the  core  at  the  time  of 
odlimation  may  be  expected  u>  gain  energy  at  some  later 
time  and  refiopulaiB  the  halo.  Thnefote,  whde  odlimation 
does  some  go^  it's  elfecdveness  would  be  limited  by  the 
pocottage  hybrid  (wticles  that  would  repofxdate  the 
core  withm  the  time  scale  o£  interest  Although  this  may 
iqppear  to  be  a  serioiB  limitation  of  the  collimation,  it 
appears  in  the  uniform  beam  model  that  the  hybrid 
am{ditudes  in  the  halo  are  bounded.  For  this  example 
collimation  at  a  radius  of  1.S  units  could  sdll  be  effective 
in  limiting  all  hybrid  amplitudes  to  less  than  x  =  ±2.7. 
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0)0-1.  xnd  K  «  1,  launched  with  the  foltowing  initial 

conditions:  RaLS.  R  =  0,  and  x  =  0  and  a)  x  s  1.0,  b) 
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core-radius  oscillation  are  shown  on  each  of  the  (dots, 
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Abstract 

The  longitudinal  dynamics  of  the  high-perveance  long-pulse 
electron  beam  in  the  Maryland  Transport  Experiment  is 
examined  fmr  tlw  special  case  of  an  initiidly  parabolic  bunch. 
Because  die  longitudinal  dynamics  can  depend  on  details  of 
time'dqiiendent  tranavme  beam  parameters  which  are  difficuh 
to  measire,  sensitivity  studies  ua^  r-z  simulations  have  been 
used  to  demonstrate  that  the  details  of  longitudinal  beam 
evolution  are  insensitive  to  transverse  mismatch,  and  the 
bunch  length  evolution  can  be  accurately  described  by  die  one- 
dimensional  envelope  equation  with  the  "geometry  factor" 
q^xoiHiatBly  chosen.  Comparison  of  experimental  data  to  r,z 
siiiHilation  mid  to  the  otvelope  solution  is  presented. 

L  INTRODUCTION 

The  University  of  Maryland  Transport  Experiment  is  a 
flexiUe  ai^wratus  designed  to  explore  the  fundamental  {diysics 
of  space-charge-dominated  beam  transport.  In  the  current 
configuration,  a  luj^  perveance  gridded  gun  injects  an  electron 
beam  into  a  transport  line  with  38  interrupted  solenoid 
focusing  elements.  Details  of  recent  experiments, 
concentrated  primarily  on  studying  longitudinal  and  multi¬ 
dimensional  beam  physics,  are  described  elsevdiae[l-3].  One 
of  the  futures  of  the  rqiparatus  which  is  important  to  the  wmk 
described  here  is  the  gridded  gun  which  is  used  to  program  the 
current  waveform.  This  permits  examination  of  longitudinal 
beam  physics,  wdiich  can  be  ixnilinear  and  multi-dimensional, 
as  die  initial  bunch  shiqie  is  varied. 

Ita  view  of  past  success  in  obtaining  agreement  between 
experiments,  and  simulation  and  theory,  on  the  nonlinear 
transverse  beam  dynamics  in  the  Maryland  Experiment[4]. 
comparisons  are  being  extended  to  include  the  longitudinal 
and  multi-dimensional  physics  in  the  recent  experiments. 
However,  it  is  difficult  in  the  current  apparatus  to  obtain 
detailed  time-resolved  data  on  the  transverse  beam 
characteristics.  We  therefore  describe  below  the  use  of 
simulations  to  demonstrate,  for  the  simple  case  of  an 
expapding  parabolic  bunch,  insensitivity  of  ^e  longitudinal 
dynanuCs  to  the  details  of  the  transverse  match.  The  r,z 
simulations,  which  have  bemi  porfonned  using  die  WARP[5,6] 
FlC  code,  are  compared  to  die  expmimental  data  as  well  as  to 
the  sinqile  one-dimensional  envelope  model  which  can  be 
used  to  describe  the  qiecial  case  of  a  parabolic  bunch. 
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n.  DYNAMICS  OF  A  PARABOUC  BUNCH 

For  a  beam  bunch  which  is  long  compared  to  die  radius 
of  the  beam  pipe,  the  beam  longitudinal  self-electric  field  can 
be  approximated  by[7]  E^  oe  g  3X/3z,  where  X  is  the  line 
density  and  g  is  a  geometry  factor  which  depends  on  the  ratio 
of  beam  radius  to  pipe  radius.  If  the  bunch  shape  is  pwabolic, 
the  longitudinal  self-field  is  then  a  linear  function  of  the 
distance  fiom  the  bunch  center.  If  the  longitudinal  velocity 
distribution  of  the  bunch  is  ai^ropriately  chosen,  an  envelope 
equation[8]  can  then  be  derived  to  describe  the  bunch 
dynamics.  In  the  experiment,  the  longitudinal  beam 
temperature  is  sufficiently  low  that  the  thermal  pressure,  or 
emittance,  contribution  to  the  beam  expansion  is  negligible 
compared  with  the  space-charge  contritetion.  Details  of  the 
longitudinal  velocity  distribution  do  not  then  significantly 
influeiKe  die  bunch  expansion. 

If  the  one-dimensional  description  of  the  beam  woe 
adequate,  an  initially  parabolic  bunch  would  retain  its 
parabolic  bunch  shape  and  its  expansion  would  be  well 
described  by  the  longitudinal  envelope  equation.  However, 
even  in  the  one-dimensional  description,  the  self-electric  field 
depends  on  the  beam  radius  through  the  geometry  factor  g, 
which  multiplies  the  derivative  of  the  line  density.  This  "g- 
factor"  can  be  written  in  the  form  g  s  C  -i-  2  ln(b/a)  vvhae  b 
and  a  are  the  pipe  and  beam  radius  respectively,  and  C  is  a 
factcK’,  generally  between  zero  and  unity,  which  will  be  fiirdier 
discussed  below.  It  should  be  noted  that,  in  general,  g  will 
vary  along  the  bunch,  as  well  as  along  the  tran^iort  system,  as 
the  beam  expands  longitudinally  and  its  radius  decreases  in 
order  to  remain  in  equilibrium  with  the  transverse  focusing 
forces. 

Despite  the  possible  influence  of  the  beam  radius  on 
the  longitudinal  berun  dynamics,  no  direct  data  are  presently 
available  on  Ae  time-resolved  variation  in  the  beam  radius  as 
the  beam  propagates  down  the  transport  line.  However,  the 
beam  is  approximately  matched  to  the  transport  line  by 
adjusting  the  matching  lenses  until  some  current  loss  is 
observed,  presumably  associated  with  the  mismatched  beam 
hitting  the  beam  pipe,  and  then  setting  the  matching  lens 
values  in  the  middle  of  the  broad  minimum  for  which  little 
loss  is  (riisaved. 

If  the  beam  is  assumed  matched  to  the  transport  line 
however,  previously  obtained  experimental  data  on  the  magnet 
characteristics[9],  as  well  as  extensive  data  on  transverse  beam 
dynamics[4],  allow  confident  prediction  of  the  matched  beam 
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radius,  if  the  average  magnetic  field  is  known.  The  average 
UMgnetic  field  can,  in  turn,  be  accurately  related  to  the  coil 
ciBieuts.  Fen  tlw  26.3  mA  peak  beam  current,  and  the  1.91  A 
coil  current  used  in  the  experiment  described  here,  the 
calculated  matched  beam  radius  at  the  peak  current  is  6  mm. 
The  beam  pipe  radius  is  19  mm. 

This  estimate  of  the  matched  radius  along  with  the 
measured  initial  peak  current  and  bunch  length  can  be  used  to 
run  an  r.z  WARP  simulation  which  can  be  used  to  compare 
with  the  experiment.  Lacking  time-resolved  data  about  the 
transverse  beam  characteristics,  however,  some  assumption 
must  still  be  made  regarding  the  axial  variation  of  transverse 
beam  conditions  away  from  the  bunch  center.  The  beam  in  the 
simulation  is  assigned  a  local  emittance  proportional  to  current 
and  is  therefore  assumed  to  have  a  constant  tune  depression 
along  the  beam.  The  beam  is  matched  along  its  length  to  the 
focusing  force  in  the  simulation,  which  is  applied  uniformly 
along  the  transport  line,  by  adjusting  the  local  radius  so  that 
the  charge  density  is  a  constant.  Once  these  conditions  are 
met  drere  are  no  free  parameters  in  comparing  the  simulation 
to  the  experiment 

The  top  ciuve  in  Fig.  1  shows  the  evolution  of  the  rms 
bunch  length,  from  the  simulation,  as  a  function  of  distance 
propagated.  Also  plotted  on  the  same  axes  are  the 
experimental  bunch  widths  measured  at  each  of  the  five 
cinient  monitors.  Both  rms  bunch  length  and  the  bunch  length 
of  a  best  fit  parabola  are  shown.  In  both  cases  a  small  tail  in 
the  current  distribution  at  the  edge  of  the  bunch  shape  has  been 
neglected. 


Propagated  distance  (m) 

Fig.  1 .  Bunch  length  vs.  distance  propagated  for  a  bunch 
with  initially  parabolic  shape.  Data  from  an  r,z  WARP 
simulation  is  plotted,  as  the  top  curve,  on  the  same  axes  as 
experimental  measured  points,  as  well  as,  an  envelope 
solution  fitted  to  the  expansion  data. 

In  view  of  the  lack  of  data  on  the  transverse  beam 
dynamics,  it  is  difficult  to  say  whether  any  of  the  difference 
between  simulation  and  experiment  is  a  consequence  of  an 
iniqiimiiniate  choice  of  the  initial  transverse  beam  distribution. 


Simulations  were  therefore  performed  to  examine  the 
sensitivity  of  the  longitudinal  beam  expansion  rate  to  a 
transverse  mismatch.  When  the  beam  is  initially  mismatched, 
transverse  betatron  oscillations  are  observed  which,  as 
expected,  vary  in  frequency  along  the  bunch  as  the  expansion 
results  in  a  difierential  in  the  beam  velocity  between  ^  head 
and  tail  of  the  bunch.  Even  when  the  beam  is  initialized  with  a 
50%  mismatch  that  varies  along  the  bunch,  and  which  is 
sufficient  to  cause  halo  fenmation  along  the  beam,  only  a  0.6% 
change  is  observed  in  the  rms  bunch  expansion  after  ^  bunch 
has  propagated  six  meters.  Furthermore,  the  insensitivity  to 
transverse  mismatch  observed  for  the  rms  average,  also 
extends  to  local  details  of  the  longitudinal  beam  evolution. 
Examination  of  the  longitudinal  phase  space  and  various 
projections  of  that  phase  space,  such  as  the  line  density 
variation  along  the  bunch,  show  almost  no  evidence  of  the 
transverse  mismatch. 


Fig.  2.  Solution  of  the  one-dimensional  envelope 
equation  overlayed  onto  the  curve  of  rms  bunch  length 
obtained  from  the  r,z  simulation. 

Because  of  the  degree  of  insensitivity  of  the  bunch 
expansion  to  substantial  transverse  mismatch,  a  comparison 
was  undertaken  to  determine  how  well  the  bunch  length  in  the 
simulation  would  conform  to  the  envelope  equation  prediction. 
Since  it  is  difficult  to  calculate  what  g-factor  is  appropriate  for 
a  nonuniform  bunch  whose  radius  varies  with  time  as  the 
beam  expands,  the  procedure  which  was  employed  was  to 
consider  g  to  be  a  free  parameter,  and  to  find  the  value  of  g 
which  would  result  in  a  beam  expansion  which  matches  the  r,z 
simulation  at  the  end  points  of  6  m  in  the  simulation.  The 
curves  of  rms  bunch  length  from  the  simulation,  and  the  bunch 
length  calculated  using  the  g  value  which  matches  the  end 
points,  were  then  plotted  on  the  same  set  of  axes  as  shown  in 
Fig.  2.  As  can  be  seen  from  the  curves,  the  intermediate 
points  coincide  to  approximately  the  width  of  the  line  on  the 
plot.  If  the  value  of  g  is  written  in  the  form  g  =  C  +  2  ln(b/a), 
then  the  value  of  C  is  found  to  be  0.791.  This  comparison 
between  envelope  solution  and  simulation  was  also  performed 
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for  a  bunch  with  the  same  current,  but  with  the  externally 
applied  transverse  focusing  lowered,  so  that  the  matched 
ra^us  at  the  beam  center  is  doubled  to  12  mm.  In  this  case, 
the  envelope  solution  and  simulation  curves  also  agreed 
closely  and  a  value  of  0.775  was  obtained  for  C.  This  weak 
dependence  means  that  the  rms  buncn  dynamics  for  an 
initially  parabolic  bunch  may  be  accurately  predictable  using  a 
simple  envelope  model,  although  whether  this  procedure 
remains  valid  over  a  larger  range  of  parameters  or  whether  it 
breaks  down  if  the  beam  is  given  an  initial  inward  (bunching) 
head-to-tail  differential  velocity,  and  is  then  allowed  to 
compress  longitudinally,  remains  to  be  tested. 

Since  the  expansion  calculated  by  the  envelope 
solution  closely  matches  the  simulation,  it  becomes 
convenient  to  use  the  envelope  equation  to  compare  against 
the  experimental  data.  The  bottom  curve  in  Fig.  1  is  from  a 
solution  of  the  envelope  equation  with  g  =  2.7,  chosen  to 
match  the  data  points.  This  compares  to  the  value  of  3. 1 1  used 
in  Fig.  2  to  match  to  the  simulation  curve.  This  is  the  value  of 
g  which  would  be  calculated  if  the  beam  matched  radius  were 
approximately  23%  larger  than  the  6  mm  matched  radius 
calculated  from  the  strength  of  the  externally  applied  magnetic 
field.  Because  only  the  product  of  g  and  the  initial  current 
appears  in  the  envelope  equation,  this  curve  would  also  be 
generated  by  a  15%  reduction  in  the  intimate  peak  current 
from  what  was  measured. 

The  difference  in  expansion  rate  between  simulation 
and  experiment  appears  to  be  larger  than  the  uncertainty  in 
either  the  equilibrium  matched  radius  or  the  initial  beam 
current.  However,  under  other  experimental  conditions  much 
closer  agreement  has  been  obtained.  Further  experimental 
uncertainty  can  also  arise  from  the  degree  to  which  the  bunch 
tail,  whose  amplitude  approaches  the  ripple  in  the  current 
waveform,  is  included  in  the  definition  of  the  bunch  length. 
As  more  of  the  tail  is  included,  the  bunch  expansion  comes 
somewhat  closer  to  the  simulation. 

Another  possible  source  of  measurement  uncertainty  is 
possible  loss  in  beam  as  the  bunch  propagates.  There  is  in  fact 
some  evidence  that  part  of  the  beam  is  lost,  and  particularly  if 
this  loss  occurs  primarily  at  the  bunch  ends,  can  account  for  a 
decrease  in  the  expansion  rate  compared  to  what  is  predicted 
in  the  simulation.  The  fact  that  the  current  measured  at  the 
monitor  2.39  m  from  the  gun  consistently  is  above  the 
expansion  curve  which  fits  the  other  data  points,  may  in  fact 
be  evidence  that  beam  particles  are  being  lost. 

In  addition  to  the  difference  in  expansion  rate  between 
the  simulation  and  the  experiment  there  are  several  details  of 
the  observed  bunch  behavior  which  are  not  the  same  as  the 
simulation.  For  example,  the  initial  current  waveform  is  not 
precisely  a  parabola  and  this  effects  the  evolution  of  the  bunch 
pulse  shape  which  shows  deviations  from  parabolic  shape, 
including  the  formation  of  tails  not  seen  in  the  simulation,  as 
the  beam  propagates.  There  is  also  a  noticable  difference 
between  the  phase  space  in  the  simulation  and  the  observed 
variation  in  beam  velocity  along  the  bunch.  The  simulations, 
shortly  downstream  from  the  gun  show  an  "s"  shape  in  the 
phase  space  not  observed  experimentally. 


m.  CONCLUSIONS 

The  description  above  is  concentrated  on  the  use  of 
simulations,  together  with  experiment,  to  examine  evolution  of 
the  bunch  length  during  free  expansion  of  an  initially 
parabolic  bunch.  Many  details  of  the  comparisons  between 
simulation  and  experiment  must  await  a  more  comprehensive 
description  of  the  work  conducted.  The  use  of  simulation,  as 
described  here,  in  the  conduct  of  the  relatively  simple 
investigation  of  a  relatively  simple  experiment  has 
nevertheless  yielded  interesting  insight  into  the  bunch 
dynamics.  It  was  found  that  the  longitudinal  dynamics  is 
insensitive  to  the  details  of  transverse  beam  match,  and  the 
bunch  length  evolution  is  well  described  by  a  simple  envelope 
equation,  notwithstaniding  the  expectation  that  the  "g-factor," 
which  multiplies  the  current  in  that  description,  would  vary 
along  the  beam  and  along  the  transport  line  as  the  beam 
expands,  so  that  the  envelope  description  would  not  be 
accurate.  As  the  comparisons  are  expanded  to  include  beams 
which  fill  a  greater  fraction  of  the  beam  pipe,  whose  shapes 
deviate  substantially  from  the  parabolic  shape  employed  here, 
and  which  are  subject  to  an  initial  velocity  "tilt"  which  causes 
the  bunch  to  compress,  a  very  rich  set  of  phenomena  can  be 
explored. 
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Abetreet 

CEBAF  is  phniilwg  to  incorporate  a  laser  gnn  meetor 
into  tiM  Hue  front  end  as  a  Ugh-charge  ew  source  finr  a 
U^powet  free  eleetr«m  laser  ud  nuclear  physics.  This 
iajeetor  consists  of  a  DC  hser  gu,  a  bunduK,  a  cryonnit 
andaehicue.  The  perfiimuuiceoftheiaieetQr  is  predicted 
based  oa  integrated  numerical  modding  using  POISSON, 
SUPERPISH  and  PARMELA.  The  point>by-paint  method 
incorporated  into  PARMELA  by  McDonald  ii  chosen  for 
space  charge  treatment.  The  concept  of  “conditioning  for 
goal  buching”  is  anpkyed  to  nay  several  emeial  paiame- 
te»  of  the  system  for  adiisTing  hipest  peak  current  whHe 
maintainhig  low  emittuce  ud  low  energy  spread.  Exten¬ 
sive  parameter  variation  studies  show  that  the  design  wiH 
petfoim  better  thu  the  ^edfleatioM  for  PEL  operations 
aimed  at  industrial  anrHcatkms  ud  fundamental  sdentifie 
research.  The  calculatiu  abo  shows  that  the  iiiieetor  wfll 
perform  as  u  eztremdy  bright  cw  dectron  source. 

L  INTRODUCTION 

CEBAF  has  been  studying  u  IR  PEL  ud  a  UV  PEL 
■tOung  the  superoondneting  accelerator  technology  that 
has  beu  devdoped  at  CEBAF,  aimed  at  industrud  s^pb- 
cariou  and  ftudamental  science  reaeaxdi[l-4].  An  PEL 
ejector  based  on  a  DC  laser  gu  will  be  used  as  a  high- 
brightness  ew  source.  The  seheiutic  of  the  ugector  is 
shown  in  Fig.  1.  The  DC  laser  gu  produces  a  cw  train 
of  dectron  buches  at  400  600  keV  with  bunch  lengths 

of  60  ~  100  ps.  Thu  dectrons  axe  buehed  uring  a  room- 
temperature  buncher  to  provide  suitable  fojectfon  into  a 
cryonnit  cutaining  two  studard  CEBAF  SRP  cavities. 
The  cryonnit  acedesates  the  deetrou  up  to  ~  10  MeV 
while  pcovidiag  snitaUe  tQt  in  longitudinal  phase  space 
dktribatkms.  Thu  the  deetrou  axe  finally  bunched  us¬ 
ing  a  ehkane  with  a  Rgg  =—0.066  em/%. 

Gua  Buncher  Ctyounit  Quads  CWcane 

□  to - ^  r~'n  - 


Pig.  1  Schematic  of  the  PEL  iiueetor 

The  spedfieatiou  for  our  PEL  iiQeetor  ate  summarised 
in  Ihble  1.  Thronght  the  paper,  the  buch  length  ud 
energy  q^ead  ace  repreauted  using  4wt  and  fwa,  which 
eonespud  to  96%  particles  for  ideal  Gaussian  distribu¬ 
tions.  For  non-Qanssiu  dbtribntiou,  they  generally  stiD 
eonequmd  to  ~  90%  partides. 

*8upp«itud1qr  Vbgiais  Canter  fbr  laiMvativu  Tsdmologv 


Table  1  PEL  Lqjector  Spedficatioiu 


Energy  10  MeV 

Charge  per  buch  120  pC 

Bunch  length  (fot)  2  ps 

Ehietgy  spread  (4wn)  600  keV 

Normalised  tms  emittuce  (««)  16  mm  mtad 

Average  beam  cuxrut  900  /tA 

Repetitiu  freqnucy  7.677  MBs 


In  this  p^et,  we  presut  our  injector  performance  pre- 
dkthms  baaed  on  intq^rated  numerical  modding  uring 
POISSON,  SUPERFISH  ud  PARMELA. 

n.  CHICANE  BUNCHING 

Chicue  bucking  is  not  a  new  method  for  compressing 
dectrons,  ud  it  hu  beu  dearly  described,  e.g.,  in  Ref. 
6.  However,  u  will  be  shown  later  in  this  paper,  it  fits 
onx  iigectot  design  qnite  wdl  whu  it  is  used  together  with 
two  studard  CEBAF  SRP  uvities.  Therefore  we  intro¬ 
duce  this  buching  mechanism  first  instead  of  gang  to  the 
numerical  results  immediatdy. 

The  bunching  process  using  a  chicue  with  two  SRP  uv¬ 
ities  in  our  iigector  design  is  shown  in  Fig.  2.  Using  the 


Pig.  2  Buching  using  a  chicue  with  two  SRP  uvities 

standard  <r  lutrix  represutation,  we  have  the  following 
mathematical  description 

®»s(l)  =  o^(0)(l  -  Nss/Zte)’  +  •l&^ss(-l)i 

where  >/oss(0)  i*  ^be  buch  length  at  the  utruu  of  the 
chicue,  >/<rss(l)  the  buch  length  at  the  exit  of  the  chi- 
une,  ^oae(— 1)  the  momutum  spread  at  the  utruu 
of  the  seund  SRP  uvity,  R§»  =  Sl/{6p/p)  the  parameter 
of  the  buching  property  of  the  chime,  SI  the  path  dif- 
feruu  betweu  elutroiu  having  a  momutum  spread  of 
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aad  /iw  =  '-^(0)/«tM(0)  the  tSit  of  the  kmgitiidi- 
a«l  phaee  ipaee  dietnbvtioD  of  the  buieh  et  the  eadt  of 
the  eeeoBd  SRP  csvitjr.  It  is  secB  that  when  ftm  st  Am, 
the  taal  haaA  length  depends  only  on  the  piodnet  of  the 
momentnm  spiead  nnd  JZm  of  the  ehknne.  We  cnO  the 
•hove  condition  the  eottdHionn^  for  final  innehinf,  which 
is  •  tenn  botiowed  fkom  Ret  8.  It  has  been  bnilt  into 
PARMELA  so  that  fg»  can  be  caknlated  ttatwHtally  from 
•n  the  paxtkles  at  the  eadts  of  the  SRF  cavities,  and  by 
comparison  with  Rm  of  the  chicane,  the  matehing  of  lon¬ 
gitudinal  phase  space  distnbntions  from  the  second  SRF 
cavity  to  the  chicane  can  be  aecnsatdy  ptedkted  aeeoid- 
in^.  This  has  tuned  ont  to  be  an  indispensable  means 
fin  optimising  the  design  efficiently. 

m.  NUMERICAL  MODELING 

Based  <m  the  pieviow  ealenlation[4],  the  peifonnanee  of 
the  PEL  iigeetot  has  been  thoionghly  investigated  and  op¬ 
timised  nsing  time-consnming  bat  aceuate  integiated  nn- 
meikal  modding.  The  beam  dynamics  is  caknlated  using 
a  veision  of  PARMELA  with  the  pmnt-by-pcint  method 
fot  space  chaige  tieatment[7,8].  The  code  POISSON  was 
need  to  geneiate  the  DC  electrie  fields  in  the  photocathode 
gnu,  and  the  code  SUPERPISH  was  nsed  to  geneiate  the 
3-D  RP  fidds  in  the  bnnchei  and  two  SRF  cavities  in  the 
ciyonnit.  In  each  integiated  simnlation  (~  10  cpn-honis 
on  an  HP  9000/730  UNIX  woikstation),  the  same  elections 
axe  followed  from  emission  at  the  photocathode  thiongh 
the  gnn,  the  bnnchei,  the  ciyonnit  and  the  chicane. 

a)  Baseline  Design 

The  iiyectoi  peifoimance  was  optimised  at  fiiist  foi  the 
basdine  design  which  conesponds  to  600  kV  gnn  vdtage, 
100  ps  (Aa)  hsei  pnlse  length  and  3  mm  (4e^)  lasei  spot 
sise  defining  the  emission  diametei.  The  distance  from  the 
gnn  to  the  bnnchei  is  lednced  to  acconnt  foi  the  diveigence 
20  miad)  of  the  beam  ont  of  the  gnn,  and  the  distance 
from  the  bnnchei  to  the  ciyonnit  is  incieased  to  meet  the 
(^timnm  bnnching  leqniiement.  The  peifoimance  of  the 
basdine  design  is  shown  in  Tbbk  2.  It  is  seen  that  the 
tajeetoi  peifoimance  stays  wdl  within  the  spedficatums 
by  a  foctoi  of  2  ~  3.  Vaiiou  distribntions  of  the  bunch 
axe  shown  in  Fig.  3. 

Tbble  2  Peifoimance  of  the  Basdine  Design 

Bnnch  chaige  120  pC 

Bnnch  length  {4at)  0.98  ps 

Enugy  qnead  {Aob)  290  IwV 

Mean  eneigy  (J^)  9.492  MeV 

Noim.  ims  emit,  (tnm/tnf)  4.44/4.73  (mm  miad) 

b)  Robnstness  of  the  Basdiae  Design 

The  lobnstness  of  the  basdine  design  has  been  inves¬ 
tigated  against  the  lasei  intensity  finctnation  and  conse¬ 
quently  the  bnndi  chaige  finctnation.  A  secies  of  inte- 


giated  rimnlations  weie  condnetad  with  all  the  system  pa- 
lameteis  fixed  whfie  the  bnnch  chaige  was  vaiied  from  120 
pC  to  180  pc.  The  variations  ot  the  bnnch  peifiwmaaee  at 


-J  -IS  e  IS  3  -10  -so  S  10  -3  -IS  0  IS  3 

*  ("mi)  *  (mm)  n  r 


Fig.  3  Vaiiou  distribntiou  of  1000  snpeipaitides  at  the 
exit  of  the  chicane,  showing  the  optimised  basdine  de¬ 
sign  peifoimance  listed  in  Tbble  2.  upper  left :  lonfptndi- 
nal  phase  space  distribution  (W  -  eneigy;  Ad  -  idative 
phase);  upper  mifidle  :  phase  piqfile;  upper  right :  eneigy 
piofile;  lower  left  •  horisontal  trace  space  distribution  (a 
-  horisontal  position;  -  horisontal  diveigence  angle); 
lower  middle :  cioss-sectional  distribution;  lower  right : 
horisontal  snapshot. 

the  exit  of  the  chicane  aie  listed  in  TbUe  3,  wheie 
and  npiesent  the  mean  eneigy  shift  and  the  phase 
shift  of  the  bnnch  centidd.  The  units  aie  pC  foi  bnnch 
chaige,  ps  foi  bnnch  length,  keV  foi  eno^  spiead,  mm 
miad  foi  emittance,  keV  and  degiee  foi  centioidal  eneigy 
and  phase  shifts  thionghont  the  p^pei.  It  is  seen  that  the 
mean  eneigy  shift  and  the  phase  shift  of  the  bnnch  centioid 
caused  by  the  chaige  finetnatiou  ace  negjlipble. 

Table  3  Robnstness  of  the  Basdine  Design 


2 

la 

4ffm 

120 

0.98 

290 

4.44/4.73 

0 

0  (basdine) 

140 

1.04 

281 

4.99/6.31 

-1 

-0.0048 

160 

1.11 

277 

6.26/6.68 

-1 

-0.0076 

166 

1.17 

276 

6.37/6.71 

-2 

-0.0092 

180 

1.21 

273 

6.60/6.84 

-2 

-0.0092 

e)  Sensitivity  of  the  Basdine  Design 

The  sensitivity  of  the  basdine  design  hw  been  investi¬ 
gated  on  the  basb  of  6d  ==  ±2**  foi  the  RF  phase  change 
and  6E/E  =  ±2%  foi  the  RF  ampHtnde  change  in  the 
bnnchei  and  the  two  RF  cavities  in  the  ciyonnit.  Foi  each 
case  only  one  parametei  wu  varied  with  ^  the  otheis  be¬ 
ing  the  same  u  fin  the  optimised  basdine  design  stated 
in  Tbble  2.  The  lesnlts  axe  fisted  in  Tilde  4.  It  is  found 
that  the  most  sensitive  peifoimance  is  the  bnndi  length. 
The  most  sensitive  system  parameten,  in  sequence,  axe 
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Hw  Rf  phtM  of  the  Mcood  SRP  ewritjr,  tko  RP  omplitoik 
of  tlw  oaocad  SRP  tanHf,  tb*  RP  ampKtade  of  tho  flstt 
SftP  eaoilgr  oad  tho  RP  phoae  of  tho  int  SRP  eotrity.  The 
MBdtiTili  eoBMO  fton  tho  lemdtMit  bmob  enoigjr  diift  of 
tho  poftideo  aod  tho  anoll  vahie  of  Rm  oi  the  ehieoae. 
Howoooii  BO  eaee  ie  frand  to  be  oot  of  4^  q>eeifle«tioBe. 


4  Sendthrity  of  the  BoadiBe  DedfB 

Skmni  ^ 

(BaeeBBe)  0.0 
BoBchet  +2 
BflBehet  -2 
BoBches  0.0 
BoBchot  0.0 
l**e«vitr  +2 
-2 

l**CBvitj  0.0 
1**  cavity  0.0 
2“*  cavity  +2 
2^  cavity  -2 
2>*^  cavity  0.0 
2^  cavity  0.0 


SB/B  4wi 

0.0 

0.96 

290 

4.44/4.73 

0.0 

0.0 

0.0 

1.87 

306 

4.69/4.98 

-81 

+0.42 

0.0 

1.37 

261 

4.23/4.60 

-1-86 

-0.47 

+2 

1.08 

309 

4.82/4.81 

-1 

+0.026 

-2 

1.21 

287 

4.34/4.63 

+3 

-0.083 

0.0 

1.83 

260 

4.30/4.88 

-78 

-0.22 

0.0 

1.23 

306 

4.60/4.90 

+78 

+0.42 

+2 

1.22 

296 

4.48/4.78 

+106 

-1.81 

-2 

1.82 

269 

4.41/4.69 

-102 

+2.04 

0.0 

1.63 

269 

4.41/4.70 

+114 

-1.94 

0.0 

1.89 

298 

4.48/4.74 

-117 

+2.33 

-1-2 

1.18 

288 

4.42/4.71 

+88 

-1.47 

-2 

1.41 

277 

4.48/4.73 

-84 

+1.63 

d)  Gob  Panmetet  Variatnaa 

Tb  evalaate  the  maxiinmn  opeiatioBal  flezibQitiea,  the 
iigeetoi  petfacmaBce  bb^  difhi«Bt  gOB  opentiBg  cob- 
dhioBa  haa  beea  iaveetigated.  Theae  coaditioaa  iaclnde 
the  voltage  Ki(heV),  the  Add  gradieBt  JEb(MV/iB)  at  the 
cathode,  the  laaet  polae  leagth  4o)(pa)  aad  the  diameter 
db(BUB)  of  the  active  cathode  area.  The  coneapoadiag 
beam  parameteia  at  the  exit  of  tiie  chicaae  are  Aovb  ia 
Tbble  6.  The  low  gcadioBt  of  0  MV/m  waa  obtaked  bgr 
iBcteaaiBg  the  cathode^ode  g^>  while  hddmg  the  cath¬ 
ode  aad  aaode  ah^ea  aachaaged.  Low-gradkiit  opeiatioB 
woidd  be  kvorable  for  avoidiag  vacaom  bceakdowa  aad 
cathode  poMOBrng.  It  ia  aeea  tint  the  dedgB  will  foactioB 
over  a  qi^  wide  raage  of  opetatiag  coBditiooa. 

Table  6  Gob  Paraaietec  VadatioBa 


!Sl 

& 

4q.  ^ 

fig*  dwa  emm/«nv 

800 

10 

100 

3 

0.96  290  4.44/4.73  (baadine) 

800 

10 

60 

3 

2.00  109  3.68/3.88 

800 

10 

60 

6 

1.84  118  3.78/3.97 

600 

10 

100 

8 

0.79  287  4.07/4.44 

400 

8 

100 

3 

1.24  272  8.32/8.02 

400 

8 

60 

8 

0.01  260  6.12/6.08 

600 

6 

100 

3 

0.91  330  6.49/6.12 

e)  PiniaiiuB  Phaae  PtoetoatioBa 

Efliiadmi  of  deetroBa  ia  coBtiolled  bgr  the  laaa  polaea 
olaity  fflomioatiBg  the  {Aotocathode.  Arrival  time  apcead 
fdo(deg.)  of  the  laa«  polaea  will  caaae  biuieb-to-boB^  ob- 
ergjr  apa^  aad  boBd^to-boBch  oeBtroid  phaae  ahift 
fdm*  Aa  ia  ahowa  ia  Tbble  0,  the  efecta  oa  both  meaa 
eaeigp  aad  ceatroid  phaae  ate  ae^Bgible. 


Tbble  0  Bmiaaioa  Phaae  PloetBatioBa 


bto 

4£^ 

0 

0.96 

290 

4.44/4.73 

0 

0  (baadine) 

+2 

1.06 

276 

4.80/4.80 

-14 

+0.039 

-2 

0.94 

303 

4.32/4.61 

+18 

-0.029 

f)  Space  Charge  Effecta 

The  aetop  procedore  ta  oae  of  onr  mojor  eoBceraa.  Tb 
iaveatigate  the  poaaibility  of  oamg  a  low-correat  beam  to 
goide  the  hgector  to  ita  Itdl-eharge  (120  pC)  operathm,  aa 
iategrated  ahnwlatioa  waa  cmidBet^,  io  which  the  apace 
charge  waa  amply  toraed  off,  ia  the  caae  of  400-kV  goB 
vdtage,  60-pa  laaer  palm  leagth  aad  5-Bim  cathode  diaai- 
eter{9]. 

Ia  thia  apedfic  caae,  the  boach  leagth  chaagea  from  0.96 
pa  with  apace  charge  oa  to  1.92  pa  with  apace  charge 
off.  Thia  ia  becaaae  the  ayatem  parametera  are  fin  a 
matched  apace-charge-doauaated  boach  ia  loagitodiaal 
phaae  apace.  The  aoimaliaed  rma  eaiittaaee  = 

3.5S/S.47  nun  mtad  with  qtace  ^arge  on  or  0.66/0.66  nun 
mrad  with  apace  diarge  off,  at  the  exit  of  the  goo.  enmlut$ 
=  6.12/6.08  mm  nuad  with  apace  charge  oa  or  2.19/1.63 
mm  mrad  with  qpace  charge  off,  at  the  exit  of  the  chicaae. 

Onr  Bomerical  ealcnlationa  ahow  that  on  a  atep-by-atep 
baaia,  a  lower  corrent  beam  can  be  need  to  goide  the  uyee- 
tor  to  ita  fidtcharge  operatioa,  which  win  greatly  dmpfity 
the  aetop  procedorea. 

IV.  SUMMARY 

Bxtendve  cateinl  int^rated  eompoter  dmolatioBa  have 
demonatrated  that  oor  iigector  deaigB  win  perfi>rm  better 
than  the  apedftcatioaa  over  a  qoite  wide  range  of  operating 
coaditiona. 
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Ahitract 

A  seniaiialytic  fonmlinn  was  recently  devek^>ed  for  inves- 
ti^iting  the  transverse  dynamics  of  a  raismatdied,  q>ace- 
charge4oinmated  beam  propagating  through  a  focusing 
diaand.  It  uses  the  Fokka-Plandc  equation  to  account  for 
the  r^id  evolotkm  of  the  coarse-grained  distribution  func¬ 
tion  in  the  phase  space  of  a  nn^e  beam  particle.  A  simple 
model  of  dynamical  friction  and  diffusion  represents  the 
effects  of  turbulence  resulting  from  charge  redistributicm. 
The  initial  apphcatum  was  to  sheet  beams.  In  this  pa¬ 
per,  the  formahsm  is  generalised  to  fully  two-dimensional 
beams. 


I.  INTRODUCTION 

We  recently  introduced  a  semiaaalytic  formalism  describ¬ 
ing  the  dynamics  of  transverse  emittance  growth  and  halo 
f(xmatian  in  nonrelativistic,  mismatched  beams  arising  as 
a  consequoice  cX  nonfinear  space-charge  forces  (1, 2^.  The 
formalinn  is  based  on  the  Fokkn-Planck  equation  govern¬ 
ing  the  evolution  of  the  coarse-grained  distribution  func¬ 
tion  of  beam  particles.  Tlie  Fokker^Planck  equation  in¬ 
corporates  coeffidoits  dynamical  friction  and  diffusion 
in  velocity  q>ace.  Turbulence  excited  as  a  ccmsequence  of 
diarge  re&tribntion  enhances  these  coefficients  and  con¬ 
verts  free  energy  due  to  mismatch  into  thermal  energy, 
tf  the  local  free-energy  density  is  sufficiently  high,  mi- 
croinstabifities  may  cause  turbulent  fluctuations  to  grow  to 
huge  amplitudes  during  a  fraction  of  a  plasma  period  [3]. 
The  fluctuations  attenuate,  however,  via  Landau  damping 
OB  the  same  time  scale  [3],  and  heating  can  therefore  oc¬ 
cur  very  npUBy.  Relaxation  toward  Maxwell-Boltimann 
equifibrium  ensues  on  a  time  scale  determined  by  weak 
residual  turbulence.  These  processes  gennate  emittance 
growth  and  halo  Iqr  injecting  particles  into  high-amplitude 
orbits.  They  also  (hssipate  any  fine  structure  present  in 

*TMe  vratfc  wm  Mvpoctad  by  the  U.  S.  D^artr^ient  ct  Energy 
under  eoetnet  W-31-109-ENO-38  and  by  die  Strategic  DefeMe  Ini- 
tietive  Oigeedeednn. 


the  beam  at  injection.  Heating  and  rdaxatkm  of  space- 
charge-dominated  beams  can  occur  during  beam  tranqKUt, 
as  obsttved  in  labwatory  experiments  and  numerical  nm- 
nlations  [4]. 

Tb  develop  methods  for  inhibiting  emittance  growth  and 
halo-induced  radioactivatioo  of  the  accelerator  walls,  we 
must  first  know  the  associated  dynamics  and  time  scales 
in  realistic  beams.  Our  initial  application  of  tiie  formalism 
was  to  sheet  beams.  We  now  generalise  it  to  mable  ready 
investigation  of  foDy  two-dimensional  beams. 

II.  GOVERNING  EQUATIONS 

In  a  turbulent  bean  the  simultaneons  interactions  of  a 
particle  with  many  rather  distant  particles  dominate  bi¬ 
nary  coulond)  interactiois  with  nearby  particles.  This  cir¬ 
cumstance  generates  dynamical  frktica  and  diffosion  in 
velocity  space.  We  discuss  beam  evolution  from  the  per- 
qiective  of  a  coraoving  coortMnate  system.  According  to 
the  Fokker-Plandt  equation,  the  evolution  c(  the  coarse- 
grdned  distribution  function  W(x,n,(),  m  whidi  x,  n, 
and  t  denote  poeitiMt,  velo^y,  and  time,  respectivdy,  is 
determined  from 

W-l-u.VxW+K  VuW=  -Vo<FW)+ VulVu  (DW)], 

(1) 

in  which  K  is  the  net  force  per  particle  mass  M  in  the 
comoving  frame, 

1(AuAu) 

"  2  Af  '  ^ 

are  the  dynamical-friction  vector  and  diffusion  tensor,  re¬ 
spectively,  and  At  is  a  short  time  during  which  the  fluc¬ 
tuations  modify  the  distribution  function  [5].  Both  the 
distribttti<»i  function  and  the  net  force  are  regarded  to  be 
smoothed  out. 

The  qiectrum  of  dectric-field  fluctuations  detemunes  F 
and  D  [5].  We  do  not  know  these  coefficients  a  prkxi;  how¬ 
ever,  it  should  be  possible  to  infer  them  by  studying  indi¬ 
vidual  particle  orbits  m  N-body  rimnlations  [^.  b  general, 
the  coefficients  may  be  ejqiected  to  be  fimctions  of  posi¬ 
tion,  velocity,  and  time.  We  shall  ignore  the  positkn  and 
velocity  dqiendenckn  and  model  the  beam  as  a  fluctuat¬ 
ing  fluid  in  which  particles  execute  Brownian  motion.  We 
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III.  POLYNOMIAL  EXPANSION 


tpfce  F  s  and  D  s  D(t)l,  when  0  and  aie  the 

tima-depeadert  idaxatimi-rate  aad  (MaakHi  coefteienU, 
nmMctivdy,  aad  1  k  the  ideatity  teaeor.  Thk  sui^tlill- 
catioa,  whi^  M^ra  the  beam  haa  uaifbnn  *teaq>eratun”, 
k  Kkdy  to  be  oiQat  appropriate  for  partkka  naoviag  with 
vefod^M  Bot  Bvieh  exeeediag  the  thennal  vdocity,  juat  aa 
it  k  khea  oaly  Inaary  coakanb  coUkioaa  drive  nlaxatioa 
[S].  It  Biay  thorefoie  be  expected  to  ^ply  to  ‘HypicaT 
partidea  c<«q>riaiag  the  ceatral  regioa  of  the  beam.  In 
actuality,  the  relaxatioa  rate  k  alower  for  foat  partidea  be- 
cauae  tl^  have  leaa  time  to  interact  with  localked  field 
fluctuationa.  Conaequeatly,  becauae  halo  partidea  either 
move  rapidly  through  the  c(»e  or  do  liot  aampk  the  core, 
the  halo  may  be  expected  to  thermaliie  more  dowly  than 
the  core.  Thk  k  aeen  in  aimulationa  [4].  Deapite  thk  ahort- 
ooming,  our  aimpBfled  oodfidoita  ahould  be  uaeful  both  for 
atudjring  the  evdutkm  of  fine  atructure  in  the  beam  and 
for  inveatigating  halo  generation  from  the  core.  By  deaign, 
the  formalkm  developed  here  can  be  adapted  to  accom¬ 
modate  coeffidenta  with  apatial  and  velodty  dependenciea 
once  they  are  known. 

The  dynamica  we  have  deacribed  obviously  operate  in 
three  dimensiona.  In  what  ft^owa,  we  consider  only  the 
two-dimenaUmal  dynamics  in  a  plane  orthogonal  to  the  ac¬ 
celerator  axk.  The  Fokker-Planck  equatbn  in  cylindrical 
coordinates  (r,f,ti„ua  =  rdO/di)  k 


dw  ,  dW  ,  utdW  , 
at  dr  r  00 


dw 

du$ 


aw 

dUr 


^20W 


m,  dw\^-(9'w ^ei‘w\ 


wh«e  K  k  given  by  the  superposition  of  the  focusing  force 
and  the  space-charge  fmce  found  from  the  coarse-grained 
potentiak  4/  and  respectively,  in  the  manner 

K  =  -^^xi*j+*s),  (4) 

where  Q  k  the  particle  charge.  According  to  Poisson’s 
equation,  the  coarse-grained  space-diarge  potential  k  de¬ 
termined  from  the  smoothed-out  charge  density,  which  in 
turn  k  determined  from  the  coarse-grained  distribution: 


il. 

rdr 


'  d*,\  .  1  a^*,  AfQ 
'^arrr^a9»~  eo 


+00  /+00 


Bi: 


du,W,  (5) 


where  AT  k  a  normalkation  parameter  related  to  the  par¬ 
ticle  dendty,  and  €«  k  the  permittivity  of  free  space. 

AMiough  the  problem  k  formulated  for  arbitrary  exter¬ 
nal  focusing  potential,  in  the  following  section  we  special¬ 
ise  to  a  harmonic  external  potential,  i.e.  4/  =  Mu^r^/2Q, 
vriwre  w  k  the  betatron  frequmcy.  In  so  d<mg,  we  ignwe 
effects  frmn,  for  exanqple,  cyclotron  motion  and  beam  ro¬ 
tation  in  an  axial  nugnetic  focusing  field,  which  k  to  say 
we  assume  c(»kdk  and  centrifugal  forces  are  small. 


To  sdve  the  coupled  Fokker-Planck  and  Pokaon  ecpuirions 
aelf-conaktently,  we  decompose  the  distribution  function 
into  comidete  seta  of  orthogonal  p<dynomiak: 

msO  nsOf  *— 00  f  sO 


where  an  GaiMS-Hermite  polyiuNniak, 


and  an  Gauaa-Laguerte  pol3m(Hniak, 

In  these  polynomiak,  we  require  a  —  a{t)  =  0{i)/2D{t), 
while  a  =  a(t)  k  a  free  time-dependent  variable. 

Two  considerations  motivate  the  use  of  these  sets  of 
polynomiak.  The  first  k  that  both  sets  begin  with  Gaua- 
sians  at  seroth  order.  Tbk  k  desirable  because  the 
Maxwell-Boltsmann  dktribution  of  a  beam  in  the  absence 
of  space  charge  k  Gaussian  in  both  velocity  aad  position 
(Gauaaian  ^  and  Gaussian  dS)-  second  k  that  thk 
^oice  of  pcdyncuniak  gives  Ago  =  1  for  all  t,  aa  expres¬ 
sion  which  k  convenknt  for  nunoerical  calculations.  Thk 
expression  fdlows  directly  from  the  particle  density 


+00  00 


n{r,0)  =  ^f  ^ 

rs-eo  fsO 


(9) 


which,  when  integrated  over  r  and  0,  must  always  yidd  /f. 
Upon  evaluating  the  mean-square  radius,  we  find  (r*)  = 
a~^(l  —  Ago).  It  k  thwefore  convenknt  to  let  a  = 
so  that  Agg  =  0  for  all  t.  The  coefficients  A{|J„  are  complex, 
andA-?*  =  (AW)*. 

After  solving  Pmsscm’s  equaticm  f(»  the  space-charge  po¬ 
tential,  we  find  the  components  of  acceleration  to  be 


(11) 
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Ilhi  prim  OB  Um  Mmi  ovw  ]» iBMua*  p  *  0  k  to  be  ex- 
elttdkd  ftotn  Um  wunmetiOB,  ead  7(p,«)  k  the  ineonqtkte 
fuamfenctioB. 

Afkir  huerrtnt  ^  coimMBekk  of  acederatioo  mto  the 
Ibkher-PlaBdc  equatioB  (S),  «e  derive  a  eet  of  eoopkd  dif> 
IbraitiBl  eqoatioBe  for  tlw  coeSeieotB  ■dS£,(t)  ueiiic  recur- 
leBoe  idatioae  aad  nonnelketioB  piopertke  of  the  pdy- 
BOBuak.  We  kt  oo  aad  oo  dmote  at((  s  0)  and  a(t  s  0), 
reqteetivdy,  aad  we  uitrodace  a  idknee  freqaeoey  wj  s 
a«/ao  aad  plaeaia  freqaeacy  s^Q^a«/3v J/ce*  The  re> 
salt,  eaqtreeeed  ia  term  of  the  dimeaekwikee  tim  (  shiel 
aad  the  dfaneaeioalm  qaaatitiee  &ssa/ao  aad  dsa/oo.  k 

[>/"»("»-  +  (m  + 

+  ±1  [(W+2q)yl{;*, 

-2>/5(ipra^V*]  -  (m+n);f 
J  Wo 

53  {[|Pl+2(«'+l)+nl 

t^sO 

-2\/(*'+lK«'+|pl+l)^^+i} 

{  bpi+2(«'+i) 

f'aO 

-2v'(f^+l)(g'+|p|+lK,.+,} 

+75 13  {\/n»(»»+  l)(n+2MJjlj  ^+3 

f'sO 

-V’nCn-lXm+lMJJ+i 


®  f'«0 

V  ^“3  53  53  13  53  ^i»"+r'-r 

®  p's— eef'«0^s-eof"s0 

if  =  ((s*+iVf,-J(«+i).'f,+il .  (W) 

ia  whidi  k  the  Kroaecker  delta,  aad 

•C’Vs'l))  = 

X7(||/'|,ar*)djd5^  (18) 


jyjy.o,  i*5;'''"=w-^(i»^i),  (M) 

Theee  coaetaate,  which  ate  mdqMadeat  of  a,  aiay  be  tah- 
alated  aad  etoied  tat  fatare  aamerkal  cakalatioaa. 

The  ayetem  of  eqaatioae  (12)  k  eqaivaleat  to  the  eoaided 
Fokker>naadc  aad  Pokaoa  eqiMtioas  (S)-(8)  k  qdmdrieal 
coordiaatee  tot  a  feaeral,  Le.  aot  aeceaaigfly  axkymmt- 
tic,  beam.  It  k  vdid  tot  F(Aher>Plaad(  coeikkata  of  ar> 
bitrary  tim  dqteadeace,  whi^  ate  reqaited  ae  iapata.  It 
k  dearly  ooaliiiear  ia  the  coejBckakt  •  property  wUdi  k 
a  dgaaiate  of  the  noalinear  qMwe>dMtfe  Soiree,  aad  OBwt 
therefore  be  aolved  by  wMaetical  akegmioB  rather  than  by 
oiatriz  methode.  The  aamhet  of  aoaieto  coettckate  wiO 
goierally  ahriak  ia  the  pteeeace  of  aymmetriea.  b  addi- 
tioa,  A^(t)  s  1  fbttotrs  from  the  eoaaervatioB  of  the  total 
aundber  of  particke,  aad  i4oi(0  —  0  ideatifiee  the  free  vari- 
abk  o(t)  9E  l/(f^).  The  iakial  coaditioae  ate  detenaiaed 
by  decoeq>oaiog  the  bpat  beam  mto  ka  potyaomial  eoo»> 
poaeata.  .  A  tfmralked  aaittaace  eaa  1m  defiaed  which 
k  apprt^riate  tot  nae  with  beam  b  whidi  the  Carteaiaa 
compcmeata  of  the  aiotiaa  are  coapkd  (7).  It  k  attaint' 
frwward  to  copreaa  thk  geaerdked  emittaoce  m  term  of 
the  coeflckata  of  the  polyaoaikl  eq|>aaaioB.  Exaaqdea  of 
adutiona  will  be  diacomd  ia  fatare  papcra. 
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Aiatreet 

IiOigtiMBiog  of  a  dni^e  bunch  haa  been  investigated  in  the 
V1^P-3  atorage  ring  at  different  energiea  for  beam  current 
up  to  100  mA.  The  bunch  length  waa  meaaured  uaing  op¬ 
tical  diagnostic  system.  The  current  dependotcea  the 
transvoae  beam  siae,  synchronous  phase  shift,  coherent 
and  inocdmoit  synchrotron  tune  shift  have  been  measured, 
llie  experimental  data  are  in  agreement  with  the  model  of 
longHudinal  potential  well  distortion.  The  real  and  imagi¬ 
nary  parts  of  the  longitudinal  coupling  impedance  are  de¬ 
duced  from  measured  data. 

I.  INTRODUCTION 

The  VEPP-3  storage  ring  is  a  2  GeV  electron  and 
positron  storage  ring,  which  is  multiamed  facility  [1]. 
This  storage  ring  is  operating  with  routine  current  up  to 
100...  150  mA. 

Two  RF  systems  -  at  2nd  and  18th  harmonics  of  a 
revolution  frequency  -  are  used  at  the  VEPP-3  operation. 
The  injection  of  particles  takes  place  when  the  first  one 
is  working.  The  iiyection  energy  is  350  MeV.  At  the  en¬ 
ergy  of  600  MeV,  the  second  RF  system  is  switched  on  to 
provide  the  acceleration  of  particles  to  the  energy  of  ex- 
pmment  and  to  compensate  synchrotron  radiaticm  energy 
losses.  Hie  maximum  RF  voltage  u  equal  to  600  kV.  Dar¬ 
ing  the  experiment  the  2nd  harmonic  cavity  stays  passive. 

The  bunch  lengthening  and  incoherent  synchrotron 
tune  shift  in  the  VEPP-3  stmage  ring  has  been  measured 
[2],  but  that  experiments  was  made  only  at  injection  en¬ 
ergy  and  with  low  value  of  Ist  harmonic  RF  voltage. 

In  this  paper  we  present  the  measurements  of  collec¬ 
tive  effects,  i.e.  current  dqioidences  of  the  bunch  l«igth, 
width,  qmchronous  phase  shift  and  o^erent  and  inccdier- 
«it  synchrotron  tune  shifts  at  the  beam  energies  of  600, 
1200  and  2000  MeV  and  at  the  maximum  RF  voltage. 

n.  INSTRUMENTATION  AND  RESULTS 

The  applied  method  fm  observation  of  beam  param¬ 
eters  »  based  on  umag  of  a  synchrotron  radiatkms  light 
emitted  by  the  bunch  of  charged  particles  at  one  of  the 
bending  magnets  [3].  We  used  two  dissectors;  for  measur¬ 
ing  longitudinal  and  transverse  profile  of  a  beam. 

lb  decrease  the  statistical  spread,  the  results  of  16  mea¬ 
surements  are  accumulated  and  averaged  at  the  each  cur¬ 
rent  pmnt.  The  lonptudinal  resolution  is  13  mm.  This 
value  have  been  obtained  by  measuring  dependence  of  a 
beam  length  on  RF  voltage  at  a  low  current  (less  than 
100  ftA).  One  has  to  obtain  a  voltage  dependence  of  a 
beam  length  at  this  current  value  like  square  root.  The 
transvmse  resolution  less  than  0.17  mm  has  been  obtained. 


Figure  1;  Bunch  length  versus  current  (L  -  haliwidth 
bunch  length,  s  =  L/2.S6). 


Figure  2:  Current  dependence  bunch  horisontal  transverse 
sise. 


A.  Bunch  lengthening  meusuretnenU 
In  Table  1  measured  sero  current  length  of  a  bunch  at 
different  energies  is  presented.  The  current  dependence  of 
bunch  length  at  these  energies  is  shown  in  Figure  1. 


Table  1 

Bunch  length  at  zero  current 


_ i 

Beam  energy 
rms  bunch  length 

MeV 

cm 

600 

1.4 

1200 

3.8 

2000 

9.0 

The  bunch  length  may  increase  due  to  different  mecha¬ 
nisms  with  increasing  of  a  beam  intensity.  At  low  energies 
beam  transverse  and  longitudinal  sizes  could  increase  due 
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Figoie  3:  CSurrent  dqiendcsKe  ^chtonout  phaae  shift. 
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Figuie  4:  CurieDt  depoidenee  qmchiotron  ftequoicies  at 
600  MeV. 


to  iiHrab«utt  scattering  effect,  which  is  suppressed  at  high 
oiergy  with  the  law:  <rt,  Om  ~  l/7i  whoe  Ot  —  obIE  is 
the  oiergy  spread,  e,  -  the  horisontal  beam  sise,  and  7  - 
the  relativirtie  faetm.  At  a  high  current,  the  beam  loigth 
increases  due  to  potential  wdl  distortion  and  so  called  mi- 
ctowave  instability.  The  bdiavior  of  a  bunch  lengthening 
due  to  potential  well  distortkm  can  be  described  as  [4] 

( otV  «ri  ygf, )  Znfn  I  M  y  /|v 

\oiJ  ^ic~  9U,  \au)  * 

where  U  u  the  average  beam  current,  9  is  the’RF  hamumic 
number,  U,  is  accekrating  voltage,  1 2^/n  |  is  the  l<Higito- 
dinal  coupling  impedance  at  the  n-th  harmonic  number  tA 
die  revdutiOT  frequency,  R  is  the  mean  radius  <A  the  ring, 
and  ou  is  the  beam  length  at  sero  current.  In  the  case 
of  potoitial  well  dist<»tioB  there  is  no  increase  of  energy 
qHtead  but  inorfierent  synchrotron  tune  shift  can  be  very 
luge. 

On  the  other  hand,  the  bimch  lengthening  due  to  mi¬ 
crowave  instability  is  accompanied  by  enagy  m>read  in- 
creadng.  For  ths  case  |  Z^/n  \  has  no  frequency  depen¬ 
dence  (pure  inductance),  we  have  scaling  low  [5]  <ri  ~ 
above  doeshold  current  of  instability. 

The  value  of  longitudinal  coupling  impedance  at  the 
n-th  harmonic  o(  the  revdution  frequency,  determined  by 
the  eq.  (1),  is  equal  to  11.3  Ohm  at  600  MeV.  At  ener¬ 
gies  of  12(K)  and  2000  MeV  these  values  are  equal  to  12.1 
and  15.4  Ohm  respectively.  Besides  we  observed  a  length 
dependence  of  the  value  |  Zn/n  |.  The  continuous  curves 
in  Figure  1  correspond  to  a  theoretical  dependence,  deter¬ 
mined  by  (1)  f<»  given  values  of  an  impedance.  Note,  no 
microwave  instability  thredudd  current  was  noticed. 

At  k)w  currents  the  bunch  has  gaussian  kmiptudinal 
duqie.  At  high  currents  the  bunch  longitudinal  shape 
changes  from  Gaussian  to  parabdiic  pndUe.  Besides  im 
aqrmmetry  of  bunch  shape  takes  place.  Thu  asymme¬ 
try  could  be  fwovided  by  the  contribution  of  real  part  of 
impedance. 


B.  Bunek  emerf$  spread  measurement 

To  obtain  an  information  about  energy  spread,  we  mea¬ 
sured  a  current  dependence  of  bunch  hmsmital  transverse 
sise.  But  this  value  is  determined  by  both  betatrcm  and 
synchsotron  bunch  sises.  In  our  case  the  betattm  hori- 
Kmtal  nse  is  a  little  bit  larger  than  the  qmchrotron  one 
at  the  point  of  light  emitting.  In  Figure  2  the  cuneift 
dependence  of  bunch  horisontal  transverse  sise  is  shown. 
At  the  energy  of  1200  Mev  (wd  2000  MeV,  fdikh  case  is 
not  presented  at  this  gr^h)  there  is  no  change  a  bunch 
faransverse  nse.  At  the  energy  600  MeV  there  is  a  weak 
chanpng  of  this  value  with  the  current.  Computer  simula¬ 
tion  shows  that  this  dependence  could  be  provided  Iqr  the 
intrabeam  scattering  effect  (for  given  bunch  length  cunent 
dependence). 

C.  Spnehronaus  phase  shift  measurement 

The  synchrcmous  phase  shift  is  being  <ktermined  as  a  dif¬ 
ference  betwem  phase  of  beam  kmgitndinal  distribution 
center  of  mass  and  phase  of  RF  qrstem  refSnoice  signal. 
The  phase  difference  between  reference  signal  phase  and 
RF  cavity  phase  is  kept  constant  by  phase  feedback  sys¬ 
tem.  The  accuracy  is  less  than  0.1  degree. 

The  measurements  of  synchronous  phase  shift  were 
done  few  energies  of  1200  and  2000  MeV  and  results  co¬ 
incide.  At  the  oiergy  o(  600  Mev  this  measurement 
haven’t  be  obtained,  probably  due  to  phase  oscillation  of 
a  beam.  The  results  are  shown  in  Figure  3.  Experimen¬ 
tal  data  allowed  to  determine  a  value  of  a  bunch  coher¬ 
ent  energy  loss.  At  current  100  mA  this  value  is  equal 
to  35  kV.  This  correspemds  to  the  real  part  of  impedance 
R=Re\Zn  1=  1300  Ohm. 

D.  Spnekrotron  tune  shift  measurement 

It  is  possible  to  obtain  some  iifformation  about  inedm- 
ent  synchrotron  tune  shift  by  observing  the  bdiavior 
longitudinal  quadrupole  mode  frequency.  In  these  experi¬ 
ments  we  excited  dipole  and  quadrupole  mode  osdllations 
by  phase  and  amplitude  modulation  cX  RF  voltage,  and 
then  observed  a  response  from  a  beam  positiem  monitor. 


Here  aad  foHher  w*  ii  the  fevolttikm  fieques^,  r  se 
L/R,  th,  tt  -  the  die^K«a«it  of  e  head  and  a  of  a 
bWh,  N  -  number  of  particlea,  e  -  the  electtmi  durge. 

A  s  (It  -tjk)  ia  the  bunch  length  and  Im  s  |(|( +tk)  ia 
the  bunch  maaa  cent«  diaplacement  (foe  aimpHfiaKtian  «e 
ignore  hoe  the  bunch  ah^  aaymmdry).  Uaing  boundary 
ctmdition  for  the  bunch  tail  we  get  an  equation  for  bundh 
length  current  dq>endence,  which  can  be  aolved  numeri¬ 
cally: 


A  =  2- 


Figure  5:  Calculated  current  dependence  bunch  length. 


In  Figure  4  the  current  dependence  of  the  frequttciea 
of  dipole  and  quadrupiicde  qmchrotron  modea  at  energy  of 
800  MeV  are  pieaented.  We  aee  that  both  the  quadrupole 
Hid  dipole  modea  frequendea  decreaae,  and  tune  diift  for 
the  (piadrupole  mode  ia  m<»e  than  10%  at  current  80  mA. 
At  energy  of  600  MeV  we  couldn't  meaaure  a  quadrupole 
mode  ahift  at  curmt  leaa  than  10  mA  becauae  of  exiting 
the  coherent  phaee  oacillatiooa. 

III.  ANALYSIS 

Whoi  the  bundh  wake  fielda  damp  during  one  revo¬ 
lution  period,  we  have  ao  caUed  broad  band  impedance, 
which  ia  provided  by  diffaroit  diacontinuitiea  of  a  vacuum 
chandler.  Otherwiae,  when  the  bunch  interacta  with  adf- 
fidda  aupplied  by  the  donenta,  having  high  quality  fac¬ 
tor  Q,  aay  about  narrow  band  impedance.  In  our  experi- 
meiA  the  bunch  lengthening  waa  imendtive  to  the  poaitkm 
of  the  cavity  higher  order  modea  tunera  (iqiart  from  narrow 
banda  where  we  obaerved  cdierent  Imi^tudinal  inatdiili- 
tka)  aad  to  the  poaition  of  the  paaaive  cavity  tuner.  So 
we  cmidude  only  dn^  turn  dfecta  take  place,  which  are 
deacribed  by  broad  band  impedance  modd. 

In  the  Figure  1  we  aee  there  ia  no  gr-od  agreement  of 
ejqieriniental  data  with  the  theoretical  curve,  calculated 
udng  eq.  (1).  Beaidee  the  bunch  loigth  ariaea  ateqier 
than  1/3  power  of  a  beam  current  at  energiea  600  and 
1200  MeV,  imnrided  pure  inductive  impedance.  We  aup- 
poae  both  parts  o(  impedance  -  inductance  and  resistance 
-  cemtribute  the  potential  well  distortion.  To  analyse  beam 
lengthening  due  to  potential  wdl  distorti<m  we  sdved  bal¬ 
ance  equation  udng  a  condition  of  full  compensation  of 
external  RF  voltage  by  fields  produced  of  a  bunch  itself. 
Fh  tiiis  condition  the  potentid  wdl  has  a  fiat  bottom  for 
aU  bunch  lengths.  The  analysis  of  stability  with  this  condi¬ 
tion  have  been  done  at  Let  L  and  R  are  the  inductive 
aad  the  resistive  parts  cf  effective  longitudinal  coupling 
iamiedance.  Equations  fi»  potential,  produced  a  bunch  it- 
adfia  given: 

+  RI(t)  =  Cr»(t),  where  V,  =  (2) 


where  T*  s  Equatkm  (3)  describes  quite  correctly 
a  bunch  behavux  f<»  strong  lengthening  case,  when  it  ia 
poadble  to  ignore  sero  current  bunch  kmptudinal  sne  (so 
called  case  of  the  frosen  bunch  [6]).  In  Figure  5  the  cal¬ 
culated  curve  of  a  bunch  Inigth  current  dependence  for  R 
=  1300  Ohm  and  L  =  600  nH  (continuous  curve)  together 
with  the  experimental  data  points  at  the  energy  600  MeV 
are  presented. 

IV.  CONCLUSIONS 

The  current  dependence  bunch  length  was  measured. 
This  dependence  is  in  a  quite  good  agreement  with  thd  ob¬ 
tained  from  aoluti<m  of  balance  equation  if  real  and  imagi¬ 
nary  parts  of  broad  band  impedance  are  of  the  same  <xder. 

Also  a  change  of  the  bunch  longitudinal  shape  has 
been  observed.  To  separate  the  single  turn  (broad  band 
impedance)  and  multitum  effects,  the  current  dep«idaice 
(rf'bundi  iHigth  was  measured  at  different  positions  of  both 
cavities  tunm  and  no  difference  bunch  lengthoiing  have 
been  observed.  Hence  observed  effect*  are  single  turn  ones. 
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Atemact 

Single  bniKii  currenu  in  the  SRS  have  now  been 
incnaaed  to  overlOO  mA  injected  at  600  MeV,  with  uaer 
bemsof  SO^iOniA  at  2  QeVrouiindy  obtained.  Such  high 
cnnents  in  short  (500  MHz)  bunches  have 
aneatioQ  to  enwring  adequate  lifMimes,  including  deliberate 
coottrt  of  bunch  volume  to  reduce  Touschek  tosses.  Attower 
eae^gies  substantial  btmch  lengthening  has  been  experienced 
which  has  bem  compared  with  standard  theoretiod  mo^. 
The  associated  prediction  rtf  chamber  impedance  has  been 
compared  with  resets  obtained  from  mode  shift  experiments. 
Other  aqiects  of  single  bunch  behaviour  in  the  SRS  are  also 
mentiooed. 

I.  INTRODUCTION 

During  a  recent  shutdown  to  install  a  second 
superconducting  wiggler  magnet  [1]  a  new  injection  septum 

and  Ucto  magnets  were  installed  in  the  SRS.  Thishasledio 
greatly  improved  single  bunch  injection  with  over  110  mA 
being  ^niulated  at  600  MeV.  Much  higher  current  per 
bunch  is  achieved  than  in  the  MMinal  (all  160  bunches  filled) 
muhibonch  mote  of  operation.  At  these  high  currem  densities 
the  beam  lifetrme  is  limited  by  Touschek  losses  even  at  2 
OeV.  In  order  to  alleviate  this  effect  the  lattice  is  operated 
close  to  a  working  point  with  betatron  tunes  Qrss4.25, 
0^3.23  which  has  higher  emittance  [2].  Experiments  have 
bera  carried  out  to  increase  the  lifetime  by  varying  the 
emittance  coupling  and  hence  the  bunch  volume  with  a  view 
to  minimising  Touschek  losses. 

The  high  currents  obtained  have  enabled  a  thorough 
investigation  of  bunch  lengthening  effects.  Bunch  lengthening 

behaviour  has  been  assessed  as  a  function  of  beam  current  at  a 

ran^  of  energies  iqr  to  1.8  GeV  and  in  particular  detail  at  6(X) 
MeV.  A  determination  of  the  effective  btxradband  impedance 
has  beM  mate  from  these  results  and  also  from  measurements 
of  vertical  tune  shift  with  beam  current  at  6(X)  MeV. 

n.  MEASUREMENT  SYSTEM 

Beam  profile  and  bunch  length  measurements  are  made  on 
a  dedicated  critical  diagnt^c  beam  line  on  the  SRS  [3J. 
Profile  measmements  in  the  horizontal  and  vertical  plane  are 
mate  nsit«  photodiode  arrays  and  cr^tured  with  a  Macintosh 
computer  using  the  data  acquisition  software  Lab  VIEW  [4]. 
Bunch  length  measurements  are  mate  using  a  stroboscopically 
synchronised  image  dissector  tube  [5]  and  are  also  analysed 
using  the  LabVIEW  systmn. 

m.  BEAM  LIFETIME 

Measurem^  of  beam  lifetime  dqrcndence  on  current  in 
stt^le  and  mnlUbonch  modes  have  been  used  to  the 

Touschek  lifetime,  which  has  a  dominant  contribution  to  the 


overall  single  bunch  beam  lifetime.  Touschek  lifetimes  as 
short  as  12  hours  for  40  mA  at  2  GeV  have  been  measured, 
rising  to  56  hours  at  10  mA. 

The  bunch  volume  is  dqientem  on  proximity  to  the 
coupling  resonance  Qr-Qv«l.  SmaU  changes  to  the  vertical 
tune  have  been  mate  such  that  die  horizontal/vertical  tune 
sjdit  causes  the  beam  to  approach  or  avmd  this  resonance. 
Tune  splits  of  26  -  200  kHz  which  corresponds  to  0.006^.048 
in  non-integer  tune  tpact  have  been  assessed.  The  mbit 
ftequmy  is  3123  kHz.  Experiments  were  carried  out  under 
cemditions  close  to  those  during  user  beam  i.e.  with  the 
superconducting  wiggler  magnet  energised  at  5  T  and  the 
untelator  magnet  at  minimum  gap.  The  variation  of  bundi 
volume  as  a  function  of  tune  qdit  is  shown  in  Figine  1. 


0  50  100  ISO  200  2S0 


Tunc  Split  (kHz) 

Figure  1.  Bunch  volume  as  a  function  of  tune  split  for  30  mA 
single  bunch  beam. 

The  subsequent  lifetime  variation  with  tune  split  is 
shown  in  Figure  2.  It  is  clear  that  a  significant  inoease  in  the 
beam  lifetime  can  be  gained  at  increased  coupling.  Nominally 
a  tunc  ^lit  of  40  kHz  is  used  duriiig  qierations. 


0  20  40  60  80  100  120  140  160 

Tune  Split  (kHz) 


Fig  2.  Total  beam  lifetime  as  a  function  of  tune  ^lit 
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IV.  IMPEDANCE  EFFECTS  AT  600  MeV 

AMRdk  £«igfAciitaf 

The  ioBfitwtotf  midoweve  instability  thieshold  in  die 
SRS  h«t  been  aritenteed  to  be  -LS  mA  using  the  program 
ZAPN3.  AH  of  the  boncb  length  data  coOecied  has  been  in 
excess  of  diat  cumnt,  and  hoioe  it  is  assumed  that  bunch 
kngtheidng  is  pndomtasMly  due  to  this  effect  Provided  die 
bn^  len^  is  greater  than  the  beam  pipe  radius,  the 

dqiendeace  of  bimeh  length  Oi  on  beam  current  Ib  is  given 
bym 


Previous  resuhs  from  bunch  lengthening  and  indcpeodetly 
from  direct  vessel  iiiqiedaooenieasawiBentt  have  indicaied  that 
the  impedance  is  of  the  order  10-13  Q  [8].  These  earlier 
memuremmiu  were  made  with  different  sq^tum  and  kicker 
magnets  which  would  be  expected  to  have  slighdy  Id^vr 
impedance.  At  high  currenu  the  bunch-lei^  may  be 
inoeased  by  potential  weU  distortion,  however  the  effectt  of 
this  are  small  over  the  current  rai^e  normally  seen  in  the 
SRS. 

Radial  BtamSixe 

The  increase  in  momentum  spread  in  the  beam  causes  an 
increase  in  the  beam  size  at  points  of  finite  diqrersion  in  the 
ring.  The  SRS  is  of  a  PODO  design,  and  has  finite  dispersion 
ail  around  the  lattice. 


whne  a  is  the  momentinn  compaction,  e  the  electronic 
charge.  E  the  beam  energy.  V.  the  synchrotron  tune,  R  the 
ring  average  radius  uid  the  longitudinal  broadband  impedance 
denoted  by 


Several  experiments  have  been  carried  out  to  measure  bunch 
length  as  a  function  rtfbeam  current  at  600  Me V.  Previously 
two  state  bunch  lengths  have  been  reported  [8]  but  this 
phenomena  has  recently  been  uncommon.  FOr  the  few  points 
where  two  state  bunch  length  was  observed,  the  shorter  bunch 
length  has  been  used.  Tte  results  were  fitted  to  equation  1 
whkh  yielded  a  value  for  the  longitudinal  effective  broadband 
impedi^  of  8.6  O  ±0ii  £L 

Above  the  microwave  instability  threshold,  both  bunch 
length  and  momentum  spread  are  increased.  Bunch 
lengtlM^g  behavkMtr  at  600  MeV  has  been  modelled  using 
the  lattice  simolation  program  ZAiP,  and  a  comparison  made 
wNh  the  experimental  results.  From  the  results  piesoited 
above,  an  impedance  of  8Xi  Q  was  assumed  for  the  modelling. 
Hie  eiqierimental  data  along  with  the  theoretical  model  is 
shown  in  Rguie  3. 


In  conjunction  with  bunch  length,  measurements  have 
been  made  of  beam  sizes.  Horizontal  beam  size  as  a  function 
of  beam  cuirent  has  been  measured  between  10  and  50  mA. 
The  program  CHIBIT  [9]  has  been  used  to  calcuhue  radiri  beam 
size  as  a  function  of  beam  current.  The  results  are 
inconsistent  with  tm  assumed  impedance  of  8.6  Cl.  The 
modelled  beam  size  behaviour  for  an  impedance  of  6.4  Q 
together  with  experimental  data  is  shown  in  Hgure  4. 


Beam  Contat  (mA) 


Beam  Cunctit(iiiA) 

FfgureS.  Measured  and  theoraical  bunch  length  as  a  function 
ofeurrenL 


Figure  4.  Hmizontal  beam  size  as  a  function  of  current 
showing  modelled  and  measured  beam  sizes. 

Cleariy  the  revised  estimate  of  6.4  Q  gives  a  good  fit  to  the 
experimental  points.  It  should  be  noted  however  that  the 
coupling  is  assumed  to  be  100%  in  the  modelled  case  in  order 
to  give  an  upper  estimate  of  Zln.  It  is  difficult  to  assess  the 
real  emittance  coiqtiing  at  600  MeV  as  the  votical  beam  size 
is  blown  up  to  a  greatm  extent  than  would  be  found  with 
100%  coupling  of  the  natural  horizontal  emittance. 

Betatron  Tune  Shtft 


Vertical  tune  shift  as  a  function  of  beam  current  has  also 
been  measured.  The  results  are  illustrated  in  Hgure.  S.  The 
data  has  been  fitted  to  the  lowest  head-tail  mode  in  the 
following  form  [7]; 
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ftti in^wdanoe.  The  tnuisverae 
iMglidInee  hiidMeil  IB  toi^iuiHaal  broKHMuid  impedance 


fcrniOaadiNam  p^  of  latfius  b. 


A  fU  to  the  eiqwfimeaod  dua  imh^  eqaation  I  gave 
reanhs  larg^  hi  agnemeat  wtA  previous  experimenia.  An 
impedanceof  8.90  was  calCTlaied  from  the  li)GeV  data.  At 
U  OeV  however,  the  calculated  14.1  Ota  more  <|neatk»atile. 
hut  this  contams  a  larie  error  sioce  only  a  few  pohus  woe 
otHamed  above  thieshohl.  No  bmdhlengdiew^  was  observed 
at  14  OeV  as  tte  bean  cufient  was  weB  bdow  diieshold. 

VI.  CXWCLUSIONS 


Beam  Cunent  (niA) 


Figures.  Time  shift  as  a  function  of  beam  currenL 

If  the  assumption  is  made  that  Zt «  Zy  and  the  average 
geometrical  beam  p^  radius  is  -30  mm,  the  measured  data 
gives  a  value  for  the  broadband  impedance  of  64  O  •  similar 
lo  that  predicted  by  the  horizontal  beam  size  increase. 

V.  BUNCH  LENGTH  VARIATION  WITH 
ENERGY 


Bunch  length  has  also  been  measured  as  a  fimcUon  of 
beam  current  at  '.0. 1.S  and  1.8  GeV.  At  injection  energy 
aieasurements  have  been  made  with  currents  up  to  100mA, 
bowever  ratter  lower  currents  were  measured  at  higher  energies 
due  10  cunent  losses  during  the  energy  Runp.  The  experimental 
data  is  shown  in  Rgure  6. 
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Poured.  Brnich  length  variation  at  different  energies. 


Experiments  to  vmy  tte  emhtance  corqding  have  shown 
that  beam  lifmime  can  be  s^ficandy  mcreased  at  lower  tune 
qihtsdits  to  the  teducikm^Touach^  effects.  ItispossMe 
t^  in  future  operaliaos  tins  result  could  be  used  to  improve 
lifedme  such  that  current  hMses  durmg  the  energy  tamp  ftom 
04  to  24  OeV  are  miaiaiised.  and  operatiooid  lifetimes  are 
improved. 

The  behaviour  of  bunch  length  as  a  function  of  current 
has  hem  studied  at  600  MeV  and  at  hij^mr  energies  up  to 
1.8  GeV.  An  estimate  of  the  longitudinal  broadband 
impcrfamce  was  made  from  the  bundi  lengthening  work  of 
8.6  0.  A  Ht  to  the  radial  beam  size  experim»tal  data  required 
colliding  to  be  set  to  100%.  Beomse  of  uncertairtties  in  the 
true  CQui^ng  at  600  MeV  it  is  not  clear  whether  this  is  a 
realistic  simulation.  This  data  predicted  mi  unpedance  of  6.4 
O.  Calculation  of  impedance  from  mode  shift  measurements 
at  600  MeV  implies  that  the  impedance  is  64  Q. 

Bimeh  length  as  a  function  of  current  at  different  energies 
has  given  a  number  of  different  resulu  for  broadband 
impedance.  However  the  best  fits  to  the  experimental  data 
gave  resulu  of  8.9  Q  and  14.1  Q,  which  me  not  too  far 
removed  ftom  previoos  experiineatt. 
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TIm  Effects  of  Coulomb  Beam  Interaction  in  Multiaperture  Linac 

A.1.  Baldbia,  G.N.  Kiopachev,  I.O.  Panlia  ud  D.G.  SkftcUnnr 
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A&ftiact 

bi  amvltittptttiiN  Kaae  tk*  Coulomb  cohetent  bum  oscB- 
latiou  M*  oxcitod  wd  ihu  itimiilote  particle  lo«e«.  To 
tmtifmt  tb*  coboeat  oerillatiOM  tbe  modd  k  piopoeed,  in 
that  tbe  Coalomb  Helds  of  cutoanded  beams  in  relatioa  to 
tbe  coandeied  bucb  tram  are  approximated  by  tbe  fiehls 
of  mdfennly  charged  threads.  ‘Hie  low  order  mode  eqnar 
thms  am  d^ved  by  Bnearisation  of  Coulomb  and  external 
Mdi.  Tbe  beam  interaction  effects  in  tbe  miilti^>ertiite 
ahecaatiag  i^use  fecued  linac  are  studied.  The  dipole 
mode  k  shown  to  influence  mainly  the  beam  dynamics  in 
thk  flnac,  and  increasing  of  bunch  sises  by  the  quadmpole 
mode  k  nef^Ue. 

1  INTRODUCTION 

The  bask  method  of  total  current  increasing  in  km  Hnac  k 
a  use  of  muUiaperture  accelerating  systems  [1].  In  a  mul- 
ti^wrinre  linac  the  Coidomb  cohttent  beam  oscUlatiou 
am  excited  and  thu  stimidate  particle  losses.  The  dipole 
and  quadmpole  modes  am  the  low  order  modes  of  these 
oscillations.  The  dipole  mode  excites  the  bunch  centm  os- 
dllatiou,  and  the  quadrapole  mode  increases  the  bunch 
sises.  To  analyse  the  cohemnt  osdBatiou  the  model  k 
inoposed,  in  that  the  Coulomb  Adds  of  surrounded  beams 
in  rdation  to  the  considered  bunch  train  am  approximated 
by  the  fleUs  of  uniformly  charged  threads.  The  equatiou 
for  dqrale  and  quadmpole  modes  of  coherent  osdUatiou 
am  derived  lineaskation  of  Coulomb  and  external  fields. 
The  beam  interaction  effects  in  the  multiapertum  alternat¬ 
ing  phase  focused  linac  (APF)  are  studied. 

2  THE  EQUATIONS  FOR  DIPOLE  AND 
QUADRUPOLE  MODES  OF  COHERENT 
BEAM  OSCILLATIONS 

We  derive  the  eqnatkms  for  dipole  and  quadmpole  modes 
of  coherent  osdBatiou  of  a  bunched  beam  in  the  given 
channd  of  a  multiapertum  drift  tube  linac.  The  consideted 
beam  k  represented  by  a  sequence  of  uniformly  charged 
with  semiaxes  r«,ry,rj  following  each  other  at 
distance  L.  The  Coulomb  fields  of  surrounded  beams  in 
relation  to  the  considered  bunch  train  am  approximated  by 
the  fields  of  unifonnly  duutged  threads.  The  Coulomb  field 
potential  inside  a  beam  propagating  in  the  given  channel 
k 

U{x,  y,  s)  =  Ui{z,  y,  z)  +  Ue(x,  y,  z), 

wbem  x,y,z  tax  coordinates  oiiginated  from  the  given  chan- 
nd  axk;  Ui  k  the  beam  self-field  potential;  U,  k  the  field 


potential  created  by  all  other  beams  of  the  mnltim>ertum 
linac. 

The  potential  Ui  k  determined  by  the  field  su|>etpo- 
sition  of  aD  charges.  If  we  ne^ect  the  met¬ 

al  boundary  influence  the  self-fidd  potential  inside  the 
consideted  bunch  in  linear  approximation  to  spaco<ha^e 
forces  k  described  by  the  qnadratk  form 

Ui{x,y,z)  =  -^[Jf;(*-,o)*+Jf;(y-pb)*+M;(s-s.)*] 

(1) 

Hem  p  k  the  space-charge  density;  cq  k  the  electric  con¬ 
stant;  Xo,yotX,  are  coordinates  of  the  given  bunch  centre; 
If  are  dlipsoid  form  factors  with  mutual  influence  of 
the  bunches  [2]. 

Within  the  framework  of  the  accepted  model  the  po¬ 
tential  defining  the  beam  interaction  in  the  acederating 
giq  w  has  the  form 


D;(*,y,s)  =  ^J,  ln[(*-»i)’+(»-yi)*]-h»nst, 

(2) 

whem  j9  k  the  ratio  of  synchronous  partkle  vdoaity  to  the 
speed  of  light;  c  k  the  speed  of  light;  N  k  the  number  of 
channds  of  the  multuq>ertum  Knac;  jfo  k  the  number  of 
the  given  channd;  Jj  and  {xj,yj)  are  curmnt  and  centm 
coordinates  of  the  beam  in  the  jth  channd  (fig.  1). 


/  i®  a.!y. 

i  I  :<S). 


Figum  1:  The  arrangement  of  channek  in  the  proton  mul- 
tiapertum  APF  linac. 


We  neglect  the  coupling  between  transverse  degrees  of 
freedom  asking  from  the  beam  interaction.  Then  the  lin¬ 
ear  equations  of  paxtides  motion  with  the  potentid  of  the 
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Immhm  ■dtt»idd  (1)  uul  tli*  potential  of  the  beam  intexac- 
tion  (2)  map  be  written  aa  foUowe 


•)=«■ 


Hete  r  =  </Tjp;  Ty  ie  the  tranrition  time  of  the  focnring  pe- 
“od;  Q;,,(t)  =  -  p,,,{t);  the  fonctiona  Q,,,,,(r) 

am  i«opettional  to  the  otemal  fotce  gtadiente  with  op> 
polite  sign;  a  =  I  >•  the  beam  poised  conent  in 

the  given  diannel;  A  u  the  wavelength  of  the  accelerating 
iidd;  7  is  Loients  factor;  Jq  is  the  characteristic  corrent; 

=  Sp/fiX]  Sp  is  the  length  of  the  focusing  period.  The 
fonctions  /s,y(‘r)  and  Pa^(r)  cansed  by  mntnal  influence 
of  beams  are  determined  by  the  expressions  in  the  accder- 
ating  giqw 


^  *?  +  p?  ’ 

iT^jo 


/r 


ffi(r)  =  - 


/3(^)  ^ 

i^io 


and  equal  sero  in  drift  tubes  at  a  moltiaperture  Unac.  The 
parameters  a!  are  Note  that  factor  1/y^ 

is  added  in  the  formulas  for  a,  aj-  to  take  into  account 
influence  of  the  magnetic  fields  created  by  beam  currents. 

We  introduce  coordinates  originating  from  the  beam 
centre  in  the  given  channel:  i  ss  x  —  zq,  $  =  y  —  yo, 
z  =  z  —  z,.  Then  ficom  (3)  we  receive  equations  of  motion 
of  the  bunched  beam  centre 

^  +  <?:(r)*o  =  /.(r). 

^  +  Q;(r)yo  =  Mr),  (4) 


and  also  equations  for  bunch  semiaxes  (r,  <  Ax) 


dr* 

d*r. 


r,r. 


S'* 


f*  aM, 


5;f  +  Q;(rK-^-^  =  o. 


d^r« 

dr* 


F/  gjf; 


r,r. 


=  0, 


(5) 


where  Ft  and  Fe  axe  transverse  and  longitudinal  beam 
efliittaaces  on  the  phase  planes  (i,  and  (z,  respec¬ 
tively. 

Ikansverse  beam  rises  in  the  channel  are  connected 
with  bunch  semiaxes  by  relations 


+  *o(t), 

(’■)  =  ±**s(*’) + »>(’')•  (®) 


Table  1;  APF  Unac  design  parameters 


Ion 

E* 

Input  energy 

60keV 

Output  energy 

3MeV 

Frequency 

148.5  MBs 

Number  of  channels 

19 

Aperture  radius  of  one  channel 

3.3  mm 

Pulse  current  limit  in 

one  channel 

13  mA 

Phase  acceptance 

120* 

Longitudinal  phase  advance 

62* 

Normalised  transverse  acceptance 

of  one  channel 

0.13  wcm  ■  mrad 

Ikansverse  phase  advance 

67« 

Number  of  focusing  periods 

7 

Focnring  period  length 

3^A 

Number  of  accelerating  gaps 

28 

Peak  field  in  gap 

180  kV/cm 

Accelerator  length 

1.45  m 

Thus,  in  mnltiapertnre  accelerating  systems  the  coher¬ 
ent  beam  oscillations  cansed  by  Coulomb  beam  interaction 
ate  excited.  The-proposed  modd  of  this  interactum  enables 
to  study  the  dipole  and  qnadmpoU  modes  of  coherent  os¬ 
cillations.  The  dipole  mode  excites  the  beam  centre  osdl- 
lations  and  obeys  equations  (4),  and  the  qnadmpole  mode 
increases  the  bunch  sises  according  to  (5). 

3  THE  COHERENT  BEAM  OSCILLATIONS 
IN  THE  ALTERNATING  PHASE 
FOCUSED  LINAC 

We  consider  the  coherent  beam  oscillations  in  the  proton 
mnltiapertnre  alternating  phase  focused  linac  containing 
19  channels  (fig.  1).  The  main  linac  parameters  are  given 
in  table  1. 

In  the  central  channel  the  Coulomb  fields  created  by 
peripheral  beams  are  compensated  completely.  The  beam 
dynamics  in  the  central  channel  of  the  mnltiapertnre  Unac 
is  studied  by  means  of  a  set  of  equations  (5).  The  periodic 
solutions  of  equations  (5)  in  the  first  focusing  period  at 
9s,y(r)  =  0  were  accepted  as  iitjection  conditions.  The 
transverse  beam  emittance  is  chosen  equal  to  0.4  of  the 
acceptance  value.  The  transverse  bunch  sises  as  functions 
of  the  longitudinal  coordinate  are  shown  in  fig.  2  for  sero 
and  7  mA  injection  currents. 

As  is  seen  in  fig.  2,  the  envelope  maximnms  are  oscfl- 
lated  along  the  accelerator.  Modulation  of  beam  envdope 
maximnms  is  caused  by  discontinuities  of  instantaneous 
values  of  transverse  tunes  at  the  joint  points  of  focusing 
periods.  In  spite  of  existing  beam  mismatching  the  accel¬ 
erated  particle  losses  are  absent  in  the  central  channel  for 
iitjection  currents  not  exceeding  7  mA. 

The  peripheral  beams  located  in  the  vicinity  of  the  drift 
tube  boundary  suffer  the  largest  influence  of  Coulomb  in- 
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P|gu«2:  TWtnaavnMibu^MBiaawrfl^imtlMonitnl 
A— —1 1  wtlMk«|ttiitfMloooirdiMtosfBrMio(l)nidi 
7  mA  (3)  taijaetloa  cuiaAi. 


ttraetfoalsioH.  Duto^qriBaMrtf]rofeiuaidiumfs> 
AVit  is  tibt  Bssc  h  k  «aoi^  to  oosiider 

tkt  dyisaioi  of  istmetisg  beuM  is  <^i«iish  8  asi  IT 
(if.  1).  Wt  Miffmei  dinisciMBwt  of  Vssdi  eoslni  is  tke 
■toetiestatic  klodor  of  s  mthk^oftsie  Ifsae  as4  sooopt 
b«us  onittisoei  and  fakhl  basdk  daoi  oqaal  to  tke  oo>>> 
waposdfagsaiaoiiBrtbeTaaAeaatialboam.  TkavMiha 
of  tk«  aoMos  of  oqpstfoaa  (4),(S)  an  plottoi  is  ig.  S  lor 
jorfphtnl  T  BtAboasM  pwpagatiigis  <^ais«ik  8  asd  IT. 


W 


atnctios  ligidhy  of  Bwhisportsn  drfft  t^aa.  Aa  k  aaes 
is  ig.  S|  tbs  huA  oastn  oapiBatiosa  (d^pob  oadBatbuaa) 
an  atalte  asd  an  aoooovlUiad  fat  tha  Tfane  paarisg 
ovar  tha  ontn  of  the  oosiUand  diassal.  Tlk  poiaiha- 
tios  of  d^ob  oadDatioaa  k  aooooatad  foa  Ig  the  bet  that 
is  the  dkaettos  paipwdleilar  to  the  ladial  glaaa  the  foiooa 
of  basis  Istenetias  an  mmiMiaaatnd  oonalatib  !»•«»»■— 
of  the  rbaaiek  afflUBatrical  aRasgaoMWl.  Psa  the  ghr- 
es  padUag  of  chassdi  the  anqiUtidaa  of  peibhenl  beam 
emtn  oacfllatioaeis  cbasiak  8  asd  IT  an  0.T9ism(0.94a) 
asd  O.T3ism(OJ8a)  napactini|'« 

lha  oosqaakos  of  the  eama  is  iga  3,8  ahoara  tikat 
isrwiadsgefeBiBiaaeeofpeii^phBnlbaadwaniatiaetotha 
eeatml  osea  k  kaa  titas  0.8K.  Thenfon  istaasoe  of  the 
qasdnpole  mode  os  the  beam  dgsasiiea  is  the  Base  k 
se^igjHei 

Iha  d^ok  mode  of  o^anat  oacfflatioaa  siaialj  oos> 
tiibsteo  is  tha  efbet  of  the  beam  dae  graarth  |  I, 

Jb#— «(8)istheoiaaadaof^BMlt^eitanBsse.  Pcia 
the  gives  paekkig  of  baaam  tha  d^ole  siode  aseitatios  n- 
saha  is  paitide  kaaea  is  peri^henl  ebaaside  (igl  8). 

Oaa  of  the  poaAle  wags  of  pattide  lose  nds^os  is 
Bsae  k  dacnadag  of  the  rbaaaal  anaagemeat  desdlg.  Is 
paitkalar,  to  ttsaapoat  beam  is  the  oouidand  orahi^ar* 
tan  Base  sitboat  paitiele  loaaea  the  dktasoe  batwees  dw 
chaasida  msat  be  isenaaed  appwsdmstdy  3i8  tfasea  p|. 

4  CONCLUSION 

1b  aaalgae  oobanat  oariHatinaa  is  s  maki^eitan  Bssc 
tba  iBodd  k  pR^osad,  ki  that  dw  Coabmb  Mds  of 
aSROiadad  beama  is  rdsdos  to  dm  coaddand  basch 
tiais  an  igpwarhnatad  by  tba  tdda  of  asttbemlj  daiged 
duoada,  ne  egaadoaa  for  tba  ker  osdar  Biodea  of  oo¬ 
banat  oadBadoaa  an  derived  by  Bsaaikatios  of  Coaloaiib 
asd  axteiaal  ielda.  na  beam  iateracdos  aPeeta  is  tba 


(b) 


Rgan  8i  The  tiaasveiae  ahaa  Emm»*  (1),  (3), 

(S)»  Pvam  (4)  asd  basdi  oeatn  podtios  so  (8), 
lb  (8)  is  pai^ihanl  <hasael  8  (a),  IT  (b)  vs  tba  los^tt^ 
1^  oooidisate  a  for  7  isA  einaat  is  ead  beam. 


Bwhi^ertin  altenatiag  j^aae  fecaaed  Base  an  atadied. 
The  Coaiomb  beam  iateracdos  k  lAoers  to  be  esbetaadal 
far  paddagof  chasaek  edth  bi^  daadty  (r«  m  3Ja).  Tba 
dipok  Biode  <rf  cohenat  oadDatioaa  maiaiy  iattnacee  the 
beam  akea  is  the  chaaad.  k  the  ooaddand  aooekistiag 
stnetan  tba  beach  oeatn  oacilladMa  naelt  is  paidde 
loeaea  is  peripbenl  ib  dacnaae  paidde  kaaea  is 

a  miki^arten  Base  it  k  aaoeaeaiy  to  depeeae  the  dipok 
mode. 
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dlaiaaoes  apUdi  are  t«wg  for  appredaUe  aocdendoo 

tooocar.  lire  |iarpose<ddds  note  is  rerecord  a  calculation  of 
foe  iaatalriH^,  tecladiag  a  amsiant  acoeleniion  cate.  Some 
interesting  foatoreseareige  **  for  dre  vdodty  of  die 

head  is  a  mare  cogvenieat  jadejiqident  vtoiahle  than  axial 
posidOB  and.  Ire  SB  iaitial  sieaaoldil  perturbation  of  velocity 
in  dare,  tiia  intifr  aLtg  d*e  ptM* 

as  the  pulse  daottens  hi  dare  the  fmiBenicy  increases. 

L  BASIC  EQUATIONS  UNPERTURBED 
SOLUTION 

We  start,  as  in  previoBs  work,  widi  foe  ooe^dhnenriooal 
cold  Staid  etprederiiii  tregtocdiig  the  foaoe  charge  force,  nd 
adoptb^  aporaBd  R-C  chcoit  for  dre  petturtied  cfoctiic  fitdd 
fipom  the  hidBCdon  mpduies: 


dA/i|t  +  dl/dz  ■  0  , 

(1) 

dv/3t  +  vdv/3z  K  Eq  -t-  E  , 

(2) 

%/dt<fE/T«  -eM/mC  , 

(3) 

where  £0  is  the  applied  field  (multiplied  by  eAn),  C  is  the 
chcuhcagMdQraridtaiRC.  Tliecitciutpanroeieis.Ra»lC, 
might  in  geaetid  dqieod  on  axial  posidon.  E  aid  AI  are  die 
pertoibed  oonqioneiM  of  electric  field  and  beam  current, 
while  L  K  and  v  are  retd  beam  cmrent  line  diarge  and 
vdodty. 

The  velocity  of  the  head  is  given  by  : 

+  2az  ,  (4) 


where  a  is  the  oonsmat  acoelecadon  and  Vi  is  dre  head  velocity 
at  x  «  0,  where  dre  faddal  pettubadoB  occurs. 

We  chaige  the  faid^paident  variabtes  (z,  t)  re 
f  m  z  and: 


KliminaHngX,  die  fluid  equations  become: 


n.  CASE  OF  INCREASING  CmRENT 

For  die  unperturbed  pulse,  we  take  I- Vnii/Vi  , 
independent  of  time  during  the  pulse  and  iadng  for  a  time, 
Ts:  Vi  T,  /  V|{ .  The  velocity  ttauii^  the  pulse  is  givmi  Ity 

(!■): 


Vh 


Note  that  aT/vH  is  the  velocity  tilt  Api/p.  In  the  GeV  energy 
range,  this  quantity  is  quite  smaD.  Tlte  required  vdtage  wave 
single  as  a  foncdon  of  z  and  t  is  given  by  Q*): 


m.  INSTABE-ITY 


*This  work  siqiported  by  the  Director,  Office  of  Energy  The  next  stqi  is  to  find  equations  for  a  linearized 
fwfirif  of  FnsioBEaeray.  of  the  U.  S.  Deoartmentof  pertutbadon  of  the  unpoturbed  quantities.  This  process  is 
Ea^nndtfCtanttactNo.I%-A003-76SF00098.  rattier  messy  because  die  utqmtufbed  qinmtities  also  dqpeod 
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OB  I  Md  1.  However,  the  eqpilkium  greatly 
tegtaeiog  ZandibyvHflBdasadedttaie: 

vh  -  ^v?+  2al  ,  (8) 

f  -  -^H-i  . 

vj 

■ad  laUng  dre  pertiBbed  qoareitiee  to  be  of  the  fonn: 

I  +  AI*:^Ii(l+u) 


Tbe  eqaadoos  fbr  u,  V,  and  E  are: 


There  eqarekns  are  of  die  same  form  as  those  for  the 
uaaocelerreed  care  except  for  the  cubed  parenthesis  in  (10) 
and  the  factor,  vi/vH  in  (12).  The  eqnrei^  are  exact  in  the 
sense  that  at/v  is  not  yet  assmned  to  be  small.  TheAnatioom 
fis: 

T«Ia.T-Ti  . 

V| 

which  means  that  a  disturbance  maintains  the  same  reiad^ 
posdkm  in  time  as  the  pulse  shortens  and  die  me  of  change  in 
real  time  increases.  In  particular,  a  sinusddal  pertrabadon 
would  retain  the  smne  number  of  cycles  over  the  pulse 
duration,  as  meiMioaed  above. 

Equation  (12)  is  sinqdified  if  we  assume  that  the 
capacity  is  indqiendent  of  posidon  but  that  the  matched 
redstance  is  inversely  ptopurdonal  to  the  current  (direcUy 
prapotdoiial  to  pulse  dotation).  Equation  (12)  is  then: 

dE/df  +E/t,  b  -k*v?u  , 
where  ti  is  the  time  constant  at  z  B  0. 


Patthermore,  the  extra  terms  m  the  adied  parendiesis  in 
(10)  qipear  to  give  oottecdons  of  order  A^/dand  can  be 
neglect  The  equations  then  have  the  same  foon  re  for  the 
nnaocideiatedcare;iftliefatttialpet<Mbniionis; 


PoraBO,  we  have  Vi  B  V  and  the  e*fiddiitg  rate  with  z  is 
the  imaginary  part  of  +  imr)  k .  Hie  maximum 

growth  rate  is  kAf?,wMch  occurs  when  cat  =  INJ .  Fora# 
0  and  z  large,  V{]  ''Y2azand  the  pertubadon  only  grows 

exponentially  with  z^^.  However,  if  k  ~  (SO  nreters)*^,  the 
acceleradrig  gradient  ~  1  MeVAneier  and  a  perturbation  occms 
at  ~  1  GeV,  there  are  many  e-foldings  before  vh  is 
significandy  greato^than  v}.  The  coasting  beams  assimqitioo 
is  then  good  enough  to  show  the  nature  of  the  problem, 
however  it  is  (tf  interest  to  examine  the  breakdown  this 
approximation  over  long  distances. 

IV.  CASE  OF  CONSTANT  CURRENT 

So  fir  we  have  Gompmed  the  instability  growth  rate  for  a 
pulse  where  die  ciurent  increases  proportional  to  V}{(z),  ix. 
qilMoximately  fixed  pulse  length  in  meiefs.  It  is  also  of 
intoest  to  conqnte  growth  for  the  care  of  constant  current, 
where  pulse  length  increases  proportional  to  vj|  but  pulse 
durmion  T  is  constant  This  could  be  die  preferred  qiproach 
at  hi^  oiergy  if  a  practical  lower  limit  on  pulse  duration  for 
the'synthesis  of  acceleration  waveforms  is  observed  (say  T  > 
100  ns).  Id  this  case  the  unperturbed  velocity  of  the  entire 

pulse  is  v(z)  =  V{j{z)  =  Vvf  +  2az  ^  and  in  place  of  eqns. 
(I*)  -  (3*)  we  have  for  the  perturbed  conqxments  Av,  AI,  E: 

y^dM/dz  =  dAyIdi  ,  d") 

d{yAy)/dz  =  E  ,  (2") 

dEI cH  +  Et  t  =  - eAI / mC  (3") 

Since  Eq  and  I  are  both  constant  it  is  reasonaUe  to 
assume  R  and  C  are  separately  constant,  since  for  efficimt 
energy  transfn'  we  scale 

R  oe  Eq/I  and  RC  =  t ««  T 


V(z  =  0)  =  8e‘«, 
a  particular  solution  for  V  is: 


V  B  008 


(9) 


kV|  j  itOTi 

a  Yl  -f  imri 


K  -  V,) 


[  ^1  imt,  Vh  +  v,J 


(14) 
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jMMWfrtwii  eqptt.  (1*  •  3*)  yMd  m  aquttoe  for 

At.  ; 

^  ^  (vAv)  .  (15) 

1)idBi«MiaipertnriMiioii.Avs5ei^  , 
witti«i«l,welHive 


^vAv 


1  4-  iorr 


(16) 


wtare  k  is  given  by  egs.  (13X 

b  geneid.  b(p<  (16)  is  solved  by  tbe  bessd  foncdoQs  12 
»d  of  the  argameat  x: 


x=ki/;®rM’"(v7-yw) 

I  I  +  ICW  a  '  ' 


(17) 


A  oonvoiient  asymptotic  form,  obtained  by  the  WKB 
method,  is 


dendQr.  and  ooMtmit  cment).  k  is  convenient  to  define  a 
scale  length  proportfonal  to  vf. 


lo  =  vf /2a  .  vh s  Vi  VI  -i-z/zo  • 

Cnrtentnmiiorti^iriinv 


Av«e  cos 


V  1  +  KOT  1+(1+; 


(1  +  tJz^^ 


CataaoLOttiEot 


Av  oe  (t — j^^COS  kz^  r-i^— - ^ 

U  +  z/zo/  V  1  +  1 4.(1  + 


(1  +  z/Zo)^^ 


1  +  (1  +  z/zj 


ITT 


Av  -  Sc'^(v^  /  v)‘^^  cos  (x)  .  (18) 

Again,  for  small  z  growth  is  identical  with  that  of  the 
ooasti^  beam.  Hovaever,  for  large  z  a  pertuibaiioa  increases 
exponemially  whh  zl^.  TUs  reduced  rate  of  growth  reflects 
the  dUntioo  of  line  charge  density  daring  acceleration  at 
constant  ourent  Nore  tbredrenoniberof  wavelength  within 
the  pi^  (s  <aT/2x)  remains  constant,  as  bdfore. 

V.  SUMMARY 

In  order  to  conquBe  growth  formulas  for  the  three  cases 
we  have  examined  (drifting  beam,  constant  line  charge 


Keeping  in  mind  that  Zq  will  be  in  the  range  100  m  • 
2000  m,  the  foUowing  table  gives  the  predicted  reductions  in 
the  expooentiid  of  growth. 

Note  that  for  short  (hstnoes  of  a  few  htmdred  meters  (z 
^  Zo)  the  coasting  beam  growth  rale  is  an  adequate 
qrproximatioa.  At  most,  a  few  e-folds  of  growth  are  eqiected 
in  tins  distance,  and  feetforwud  correction  might  be  q)|died 
to  eliminate  fordier  growth.  However,  when  long  distances  (z 
»  Zq)  without  use  of  txwrections  are  considered,  it  is  seen 
from  Table  I  that  very.sidsiantial  reductions  ot  total  growth 
are  predicted. 

V.  REFERENCES 
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1 0=  v  I  =  constant 


JL 

2 

4 

Zo 

Vi  V  *  ^  Zo 

(1  +  VH^i) 

(1  +VH/Vi)(l  +VVH/Vi) 

0.00 

1.0000 

1.0000 

1.0000 

030 

1.1402 

0.9345 

0.9038 

1.00 

1.4142 

0.8284 

0.8013 

3.00 

ZOOOO 

0.6677 

03523 

10.00 

3.3166 

0.4633 

03285 

30.00 

S.S678 

0.3045 

0.1813 

Table  I.  Reduction  of  growth  with  acceleration  for  current  proportional  to  velocity  and 
constant  current  The  tabulated  factor  is  the  reduction  of  exponentiaf  growth  rate 
compared  with  that  of  a  coasting  beam. 
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Almtnct 

IVl^cally  the  atudy  of  thocoUeetive  atability  of  a  bunch 
with  the  rtrong  coupling  of  the  ^dirotron  modes  de- 
mancb  the  solutirm  of  the  infinite  set  of  integral  equations. 
The  pt^er  reports  two  cases,  when  these  mode-coupling 
equati<»  can  be  solved  directly  for  synchrobetatron  and 
f<w  synditottai  collective  modes. 

I.  INTRODUCTION 

It  is  well  known  that  in  many  cases  the  possibility  of 
increasing  the  beam  current  in  a  storage  ring  is  limited  by 
coherent  interaction  of  the  beam  bunches  with  their  en¬ 
vironment.  In  the  case  of  a  single-turn  interaction,  when 
the  bunch  wakes  decay  faster  than  the  revdution  period 
in  the  ring,  the  q>ecific  features  of  coherent  instabilities 
ngnificantly  depoad  on  the  ratio  of  the  bunch  coherent 
frequency  shift  (Ln  to  the  frequency  of  ^nchrotron  oscil¬ 
lations  of  particles  in  this  bunch  If  this  ratb  is  high, 
the  calcu!ati<m  of  the  increm«its  dt  coherent  modes  and 
stability  criteria  demands  the  sdution  of  a  system  of  inte¬ 
gral  equations,  which  generally  couple  the  harmonics  of  the 
bunch  distribution  function  over  the  phases  of  synchrotrcai 
oscillati<xts  (see,  (ok  instance  in  [1,2]).  The  solvable  exam¬ 
ples  of  such  proUems  except  for  thek  heuristic  worth  can 
be  used  to  test  the  codes,  designed  for  numerical  study 
mode-coupling  problems. 

Here  we  report  a  siitq[>le  model,  when  these  equaf  vms  can 
be  solved  ditectiy  for  the  synchrobetatron  and  synchrotron 
modes.  However,  the  resulting  dispersion  equations  are 
very  complicated  and,  except  for  the  case  of  a  weak  mode¬ 
coupling,  stiQ  require  a  numerical  scdution. 


due  to  the  nonlinearity  of  the  particle  syn^rotron  oseiUa- 
tioos  and  we  do  the  cdculations  for  the  case  of  the  dqxde 
betatron  cdierent  oscillations,  which  are  described  by  the 
expansion  of  the  distribution  function  (/o  =  FoiI»)p(v)) 

/  =  /o  +  v^e‘*-  f;  +  (2) 

m»s>oo 

Then,  for  a  single-turn  interaction  the  amplitudes  Xm  sst- 
isfy  the  system  of  integral  equations  (w  =  -t-  ftum) 

[2] 

00 

(Awn,  -  =  p{<p)  J 

CO  ~  (3) 

x(n)  =  Yl  j 

Here,  the  bunch  wake  is  described  by  the  value  fLn.ni  giv¬ 
ing  the  cdterent  frequency  shift  of  the  coasting  beam. 
Eqs(3)  can  be  solved  exactly  for  the  simplified  model, 
where  (fi™  =  m,n,  m,  »  ±1) 

In  the  region  the  quantity  0  defines  the  co¬ 

herent  frequency  shift  of  the  betatron  mode  (m,  =  0).  Ac¬ 
cording  to  Eqs(3)  and  (4)  we  write  XmM  =  CmS(v>S-¥^)> 
which  replaces  E!q8(3)  by  an  equivalent  system  of  the  alge¬ 
braic  equations 


II.  SYNCHROBETATRON  OSCILLATIONS 

We  describe  the  unperturbed  vertical  betatron  and  syn¬ 
chrotron  oecillati<»s  of  a  particle  near  the  closed  orbit  by 
usual  formulae: 

z  =  ajCOsV>j,  0  +  =  ^coe^t, 

ij>  =  -u,tp,  sin  V>»,  ^g  =  Ug=  Wo*'*,  (1) 

/•  T  P  a  7  2  '  ^ 

Here,  H  =  2x^0  >>  the  perimeter  of  the  orbit,  {£  a  pc) 
n  the  energy  of  a  particle.  We  neglect  Landau  damping 

*  On  leave  <rf  abeenoe  from  Budkor  Inetitute  of  Nuclear  Phyeics, 
630090  NowMibirak,  Rumia. 


(AWni  “  m,W,)Cn,  —  — y  ^  Qin,m'Cm', 

m;=-oo  .  . 

r  -ix,  m,  =  mi  =  0, 

=  <  4sin(x[m  -mq) 

Using  *  =  Awm/w,,  w  =  flm/w#,  we  rewrite  Eqs(5)  in  the 
following  form  (W  =  4w/r^) 


2iW®S- 

(6) 

(7) 

(»-7»»-1209-l/m03J»  e  1993  IEEE 
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00 

Q-  -  2*±i_ 

sr  Cj*  +  C_3» ,  =  CjOt+l  -  C_(U4.1). 

^ibatituting  from  E(|i(6)  into  Eq.(7),  «e  obtain 


and  the  longitudinal  wake  from  a  pore  leektive  inqpedanee, 
which  does  not  depend  on  n.  With  theee  eeenmptirmi  the 
■ynchrotion  odlective  modee  are  deined  by  the  qrrtem  of 
equatiooe,  which  can  be  written  in  the  form,  eimilar  to 
that  of  Eqi(3) 

(X  -  m,)x«  =  -  *>?)  / 


or,  after  the  subetitutioo  Xm  »  CmH'P  ~  Vo)> 


_  ^  n  ' -w— w— rvft 

r-  Jin'.  Q,  . 

„  2.W.  ^  =  .m,»EC,.y  (15) 


^  _  V',. _ 2*w* _ 

*’*'  ^  I*’  -  4p»lK2*  +  1)>  -  4p>l[(2*'  +  1)»  -  4pai ' 

(9 

The  calculation  of  the  sum  over  p  in  Sk,h‘  results  in: 

5  _ _ 1 

*•*'  2*»(2*+ 1)2(2*' +  1)*'^ 

*■  cot(s-x/2) 

4x  [*2  -  (2*  +  l)2](x2  -  (2*'  +  1)2]  • 

Using  this  expression,  we  find 

C-  - _ 21^! _ 


Since  typically  v,ipo  <.  1>  we  can  expand  the  int^and  in 
Eq.(15)  in  the  power  series  of  Taking  into  account 

in  Eq.(15)  the  first  two  terms  of  this  expansion,  we  obtain 

(i  -  mt)C„  =  im,tu^Qm,m'Cm— 


OO 

itim»2|/,^o5I  Cm'  / 


dn,7m,(n)ym'  (u) 


-afc+i  -  ^ (2fc  +  i)2[*J  _  (2*  +  1)»]  x-w^ 

E~  ^*cot(W2) 

^^^(2*'+l)2  (*2_(2*+1)J]»*  • 


The  solutions  of  E<18(10)  read: 


_  A(«)/(2t  +  l)^  .  Bjx) 

^s*+l  x2-(2*+1)2  [*3-(2*  +  1)2]2- 

The  substitutkm  of  Cf^^^  Eq.(ll)  in  Eq.(lO)  yields 
the  dispersion  equation 

,  *_oi,72a./_x  2IV‘‘F^(z)xzcot(xx/2) 

1  -  -  -  2iy  f.(.)  -  — cot(.x/2)F.W  ■ 


where 


00  j 

^(2*+1)<[x2-(2*+1)2]’ 

“  1 

^(2*+1)2[x2-(2*+1)2]2’ 

~  1 
Sjx2-(2*+l)2]3' 


III.  SYNCHROTRON  OSCILLATIONS 

Similar  model  can  be  used  to  describe  the  mode-coupling 
instability  of  the  coherent  synchrotron  oscillations,  if  we 
take  as  p(^)  the  so-called  water-bag  distribution 


The  second  term  in  this  equation  couples  the  modes  with 
the  same  parity.  In  the  region  |ttf|  C  1,  when  the  mode¬ 
coupling  is  ne^gible  small,  this  term  gives  a  leading  con¬ 
tribution  in  the  decrements  (or  increments)  of  the  syn¬ 
chrotron  modes 

—  Imx  =  6/ut  a  wu,<po.  (17) 

The  oscillations  will  be  unstable,  when  tv  <  0. 

On  the  contrary,  in  the  region  |tv| 1,  the  leading  con¬ 
tribution  in  the  r.h.s.  of  Eq.(16)  gives  the  first  term,  while 
the  second  describes  smaO  perturbations.  Nq^Iecting  in 
this  equation  the  values,  proportional  to  v,ipo  <  1  and  us¬ 
ing  the  definitions  from  Eq.(8),  we  rewrite  £^.(16)  in  the 
following  form 

+  21Vx(2*-H)5- 

-  *J  _  4p3  >  -  «J  _  (2*  -i- 1)2  ' 

Substituting  here  the  first  equatitm  into  the  second,  we 
find 

_  4xH^!(2*±1)  V' r  r-  no^ 

^‘+‘  ■  x2-(2*-|-1)2  ( ^2) 


where 


nr  /  <  ¥>o  , 


^  [(2t  +  1)'  -  4p»l[(2t  +  1)'  -  VI  ■  ■ 

Now,  simple  calculations  result  in  the  dispersion  equation 
1  =  -  W'^Tx’  cot  —  £(,2_(2t4.i)2]3  •  (20) 
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AimUitet 

We  aaatyae  ooDactive  inatabilitiee  of  a  bunch  due  to  the 
ra<yal  graidBent  of  Uie  kwgitadinal  iiiq>edance.  One  of  the 
qpecafle  featune  of  there  collective  efiieets  ie  that  decre- 
menta  of  coUective  qriKhiotron  modee  do  not  depend  on 
the  vahie  of  momentum  compaction  factor  of  the  ting.  Tfaie 
effect  can  Umit  the  performance  the  eo-called  low-or  etor- 
age  ringi.  It  can  be  need  for  the  damping  of  unstable 
modee  of  the  synchrotron  coherent  oscillations  as  well. 

I.  INTRODUCTION 


II.  SYNCHROTRON  OSCILLATIONS 

Let  us  consider  the  sm^o-tum  interactioa .  the 
bunched  beam  a  low-Q  system  of  deelmdcs,  ^ch 
has  a  radial  gradieirt<fftiieeoupUng  impedance.  Tlimefote, 
we  take  the  relationship  between  the  harmonies  of  the  k)n- 
iptudinal  wake  field  B4{n,u)  and  the  asimuthal  harmonics 
of  the  bunch  distributkm  functkai  in  the  form 

Etin,w)  =  J  drZni*,w)fn^.  (1) 


Tb  decrease  the  bunch  length,  it  was  suggested  in  [1]  to 
use  the  rings  with  abnormally  small  value  of  the  momen¬ 
tum  o(niq>action  fimtor  a.  Tlie  performance  of  such  low-a 
rings  can  be  very  sensitive  to  coUective  instabilities,  when 
the  dependence  ot  the  increments  on  a  is  weak.  Usually, 
the  analysis  of  these  issues  is  focused  <m  the  cases,  when 
the  beam  intnacts  with  devices  producing  the  nonsero 
impedance  Z{u)  on  the  particle  tri^tory.  In  this  case, 
the  rates  at  unstable  OK^es  decrease  with  a  decrease  in 
a.  The  diffisrent  type  ot  collective  effects  may  occur  due 
to  radial  gradient  of  the  coherent  energy  kmes.  If,  for 
example,  the  bunch  interacts  with  a  matched  plate,  the 
increments  of  coherent  inodes  do  not  depend  on  a  but  are 
determined  by  Uie  local  value  of  the  dispersion  function  if 
[2,3].  With  the  suitable  sign  fm  the  gra^nt  dt  the  en«gy 
tossm,  this  fact  can  be  used  to  enhance  the  damping  of  the 
qmchtotron  coherent  oscillations  of  bunches.  However,  if 
such  a  gradient  ^ipears  accidentally,  the  collective  interac¬ 
tion  redistributes  the  increments  between  the  synchrotron, 
or  hixrizontal  orfierent  modes  [4]  and  the  instability  gets 
the  gbbal  character.  This  instability  is  one  of  the  sim¬ 
plest  results  of  the  thecnem  of  the  sum  of  the  decrements 
fw  collective  modes  [4].  If  the  bunch  wake  is  described  in 
terms  of  the  coupling  impedance,  the  radial  gradient  of  the 
cidierent  energy  losses  is  described  by  the  radial  gradient 
of  Z(u).  Apart  from  the  use  of  special  devices  [2,3],  the 
gradient  Z  can  occur  due  to  nonsymmetric  position  of  the 
dosed  orbit  indde  the  vacuum  chamber  of  the  ring.  Hie 
last  case  is  specific,  for  instance,  for  the  future  B-faetories. 
In  this  report  we  use  a  simple  example  to  describe  the  main 
features  ^  such  VZ-  coUective  instabilities. 


’On  leaire  of  ahowicc  from  Budkor  bwtitute  ot  Nudoar  Phrsica, 
630080  Nomsifaink,  Ruwaik 


Here,  H  =  2xjfto  is  the  perimeter  of  the  orbit.  H  the  un¬ 
perturbed  oscUlations  of  the  particle  are  described  by  the 
equations  {€  pc) 


xsxt  +  ri 


Ap 


n»sacCos^c, 


$=Uoi  +  f,  ip:s-ut  tip,  m  Ip,, 

ip,ziu,=s  UHtVg,  i>,  = 

P 


”  2u;ow^*’ 


the  integral  equation  for  synchrotron  coherent  oscillations 
(/(/» ,  0  =  /o(L)  +  /m.  e3q)(fm,^,  -  suit),  w  a  m,u,  + 

2Wnt)  rea^ 


AUm/m  =  J  JM'Ax 

I  »*  +  "*»*'»  J  m. 

(2) 

F(xr  the  sake  of  simplicity,  we  assume  that  Zn(u)  is  a  pure 
resistive  impedance,  which  linewly  depends  on  x 

^n(*,u;)  =  {dZnldx)ox  =  (VZ„)oij~, 

and  that  for  typical  harmonics  \dZn/du\  <.  |^n/<<ii  •  Then, 
the  calculatim  in  Eq.(2)  of  the  harmonics  over  fp,  results 
in 

l^p/pcxp(inptCOBi>,]m.  =  '^^^Jm.{nipt), 

an 

Ne^ecting  in  Eq.(2)  the  higher  powers  of  we  trans- 
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P  ^  -  *  »  iN9*U^mllf,dfo  t  \ 


9 


00 

* •fc»,(*Hp.)y M^-/«,(»Hpi)/ii».  K‘'»i « i* 


SvriMtttntuif  iMve  «  *  *Bd 


«Awim  s  -iAm, 


a  Ne'^wo 


np 


I 

-  V  du  ^"*’ 


(4) 


W9  traiwfnm  Eq.(3)  into  an  integral  aquation  with  a  aym- 
metrie  karnd 


III.  HORIZONTAL  OSCILLATIONS 


Apart  from  the  effect  on  eynchrotron  cdiereBt  oaeillar 
tioM  the  interaction  with  audi  an  element  of  the  vaC' 
uum  chamber  will  modifrr  the  incremente  of  radial  eohecent 
W  model.  Hm  variation  of  the  ram  of  the  decremente  for  the 
dipole  horiioiUal  coherent  oeciUationi  (m«  s  i;l)  can  be 
calculated  raiag  the  relationship 


3> 

4./ 


dr  dJ, 


2»dAp 


eE^ir  +  ip.i),  T  =  uot. 


Substituting  this  expression  and 


/  =  /o(/.,  /»)  +  fm  exp(iin,V.  +  im,^,  -  iwt), 


Ax«  =  «l  /  ^(Vff„)o  /d«'A*(«.ttOXm(«'). 

-ic  _ {  (5) 

The  kernel  will  be  positivdy  defined,  and  hence, 

all  its  cigennumbers  A  wiO  be  real  positive  numbers  if 

00 

fl  J  dn(VZn)o>0.  (6) 

-00 

Due  to  Eq.(4)  the  last  condition  yields  the  criterion,  when 
synchrotron  coherent  oscillations  decay.  This  has  the  obvi¬ 
ous  physical  sense.  The  interaction  with  electrodes  damps 
the  otdierait  synchrotron  oscillations  if  the  cc^rent  energy 
lasses  incrasse  with  the  amplitude  <ff  oscillatioas.  In  our 
ease,  this  takes  |dace  if  ccmdition  (5)  h  satisfied. 

Eq.(5)  is  too  complicated  for  direct  solution.  In  fact,  it 
is  not  necessary,  since  the  general  omclusion  ccmcerning 
the  collective  st^ility  of  a  bunch  can  be  obtained  by  the 
calculatkm  of  the  relevant  sums  of  the  decrements  [4].  The 
sum  of  decrements  oS  the  synchrotron  modes  near  the  given 
m,  is 


in  the  linearised  Vlasov  equation,  we  obtain  the  mtegral 
equation  for  horisontal  cdlective  modes 


(w  -  m,u>,  -  m,u>,)/m  =  -i{i,)fn,.m.p{<P$)’Qj--  (9) 

Using  here  (d/./dAp)  =  cos  ,  Awm  = 

w±u,-  m,u,  and  4,  =  Xm(v»)v^d^o/^f..  **>4 

that  Xm  obeys  the  foUomiig  equation 

00 

Au;„Xm  =  lX¥>.)^^^|^  /  *»(VZn)oX 

00  (10) 

Jm,  (nip,)  j  d»»i»>i/m.(V,)Xm(iPi). 

0 

The  direct  calculatkm  of  the  trace  of  the  kernel  in  Eq.(10) 
yields  the  total  sum  of  decrements  (f  s  -Imu;)  tk  the 
horisontal  betatron  and  s3mchrobetatron  modes 


00 

nipS— 00 


Nt^w% 
^  2irpv 


00 

J  dii(VZ„)o. 


(11) 


The  c<»nparison  of  Eqs.(8)  and  (11)  gives  the  sum  rule 


Using  the  identity 


5^  = 


(7) 


we  obtain 


E  «m.  =  0^^/**(VZ„)o.  (8) 


fUns-eo 


«S  =  4'^+  E  («l.m.+«-l.m.)  =  0.  (12) 

mpS— 00 

This  equation  describes  a  particular  case  in  a  more  general 
statement  concerning  the  sum  of  the  decrements  of  coher¬ 
ent  oscillationB,  which  previously  was  found  in  [4].  Eq.(12) 
shows  that  without  special  efforts  the  interaction  of  the 
beam  with  a  device  producing  the  horisontal  gradient  cS 
the  coupling  impedance  results  in  a  global  coherent  insta¬ 
bility  of  the  bunch,  when  the  synchrotron,  or  the  horisontal 
synchrobetatron  collective  modes,  are  unstable. 

Let  us  also  menticm  an  example,  where  Eq.(lO)  can  be 
solved  directly.  The  model,  which  will  be  described  be¬ 
low,  can  be  useful  for  analysis  of  many  others  single-bunch 


<>-7l09-iafi8-l/93S09.00e  1993ffiEB 


iililllliiife  WiImIk  w  #(^«)  a  Le««|to  dltlribiitioo; 
#  '¥  V^)  aad  mmmm  tli^  VZ  iom  not  depend 

Oftjil,  Tim,  CM  fipd  fkon  Eq.(jlO)  tlwt  a  fitnction 

m 

(13) 
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Bate,  X  s  nff«/3  and 


As  3ti) 


Ne^up 

2Afa>mnp 


(VZ)o. 


(15) 


The  adhitioa  of  £q.(14)  reads 
w  s  xJ"*‘l+»/>e-'/’F(K|  -I-  A  -t-  |,2K|  +  1, x),  (16) 


where  F(a,7,x)  is  the  confluent  hypergeometric  functicm. 
The  eigenfiinctiona  w  do  not  grow  at  x  — »  oo  if 


K1-I-A-H/2S-1,  /sO.l.... 

The  substitution  of  A  from  this  equation  in  Eq.(15)  yields 
the  ineronents  of  inodes 


N^ul  f  1 

2»pe  V  dx)^2(\m,\-i-l)  +  l' 


(17) 


In  ccmtrast  with  the  "ordinary”  instabilities,  the  incre- 
nwnta  in  Eq.(17)  and  relevant  decrements  of  the  syn¬ 
chrotron  modes  do  not  depend  on  the  nimnentum  com- 
pactkm  factor  of  the  ring.  In  particular,  this  fact  will  limit 
the  performance  of  rings  with  very  low  a. 

Described  instability  occurs  due  to  a  redistribution 
decremsits  between  the  syiidirotron  and  horisontal  coher¬ 
ent  mocks.  If,  fiw  scmw  resacm,  the  decrements  of  the  hor¬ 
isontal  coheroit  oscillations  exceed  the  increments  due  to 
sudi  a  redistribution,  the  wideband  s]rstems  of  the  elec¬ 
trodes  with  a  proper  sign  for  the  horisontal  gradient  of  the 
longituduial  iiiq>edance  can  be  used  to  damp  synchrotron 
odier«Dt  oscillations  of  a  single  bunch.  For  instance,  this 
can  be  efone  uang  systems  of  the  matched  plates  [2]-r[5). 

We  thank  prof.  A.  Skrinsky,  who  originally  drew  our 
attention  to  ttese  problems.  One  of  the  authors  (D.V.P.) 
is  indebted  to  KEK  and  its  B-factory  group  for  their  hos¬ 
pitality. 
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Abstract 

In  this  paper  we  rqxnrt  a  stnaplifled  model,  where  col> 
kctive  beanii>be«n  oscUlatioiis  can  be  deseribed  by  a  dif- 
Sowitial  eqnatioB  similar  to  the  Schrodinger  equation  in 
qaaBtam  meehanics.  In  this  case,  the  stability  criteria  can 
be  obtained  inspecting  the  behaviour  <4  effective  potential 
well  curves. 

1.  INTRODUCTION 

It  is  well  known,  that  a  study  of  cdlective  beam-beam 
instabilities  typically  demands  a  solution  of  a  very  compli¬ 
cated  systMn  of  integral  equations.  Usually,  if  we  neglect  a 
nonlinearity  of  the  beam-beam  kicks,  produced  by  the  sta¬ 
tionary  motion  of  the  colliding  bunches,  these  equations 
predict  (see,  for  instance,  [1])  a  resonance  instability  of 
the  betatron  coherent  oscillations  with  increments  ci  the 
order  of  aio(,  whore  wo  is  the  revolution  frequency,  and  ( 
beam-beam  strength  parameter.  Since  such  an  initial  as¬ 
sumption  eliminates  Landau  damping  of  unstable  inodes, 
we  may  expect  that  such  models  overestimate  the  strength 
of  the  collMtive  beam-beam  instability. 

Here  we  briefly  repmt  a  model,  which  enables  the  eval¬ 
uation  iff  the  effect  the  Landau  danqiing  on  the  collec¬ 
tive  beam-beam  modes.  More  detailed  calculations  can  be 
found  in  [2].  For  the  sake  iff  simplicity,  we  assume  one  in¬ 
teraction  point  (IP),  identical  colliding  bunches  and  zero 
diq;>ersion  function  at  the  IP. 

11.  SHORT  BUNCHES 


region  (IR)  are  given  by 

*  =  y/7^  cos  Ro(pm/p)  =  d»/dT  =  »', 

T  =  Wot,  +  Ai<r(/,).  ^  ^ 

Here,  2x120  is  the  perimeter  of  the  orbit  and  p  is  the 
mmnentum  of  the  particle,  Ai'«(Js)  is  the  incoherent 
beam-beam  tune  shift.  Near  an  isolated  resonance  (i/,  -(- 
Avg{Jg)  =  n/m)  a  linearized  system  of  Vlasov’s  equations 
written  for  the  horizontal  coherent  betatron  oscillationB 

m,/0 

yields  the  following  system  of  integral  equations  [1] 

00 

/ du>u'F(,(v!)G(u,u')X^^’^\u%  (4) 
0 

Here,  u»  *  /./e,  i  :=  lVeV(2xpcc), 

=  dFo/d(«*/2),  A  =  u,  -f  Ai/«(/s)  -  n/m  and 

OO 

(?(«,«')  (5) 

-00 

where  Jm{^)  the  Bessel  function.  The  calculation  of  the 
integral  in  ^.(5)  results  in  [3]  (m  =  |m,|) 


The  description  of  Landau  damping  of  the  collective 
beam-beam  modes  can  be  simplified  within  the  framework 
of  the  model  described  in  [1].  Namely,  we  calculate  the 
eigenmodes  of  the  horizontd  cidierent  oscillations,  assum¬ 
ing  that  cdliding  bunches  have  very  flat  unperturbed  dis- 
tributim  functkHis  in  amplitudes  of  betatron  oscillations 

/o(J*,ia)  =  iV3(J,)Fo(J.)/f.  (1) 

If  Fq  is  a  Gaussian  distributkm,  e  has  the  sense  of  the 
bunch  horizontal  emittance,  N  is  the  number  of  particles 
in  the  bunch.  We  consider,  first,  the  case  when  the  lengths 
of  colliding  bunches  Ot  <.  01,  where  0*  is  the  value  of  the 
horizontal  jS-funetimi  at  the  IP.  Then,  the  incoherent  hori¬ 
zontal  betatron  oscUlatiims  of  a'particle  in  the  interaction 

*  On  leave  of  abewtce  frmn  Budlcer  Imtitute  of  Nuclear  Phyuci, 
630090  Novoeibiiak,  Roaiia. 


C?(«,u') 


1  f  (u/u')”)  «  <  «'  , 
mHuVu)"*,  «>«'• 


(6) 


As  can  be  seen,  Eq.(4)  separates  the  so-called  x-  and  o- 
modes  (the  sign  (— )  corresponds  to  x-mode) 


X^  =  x}^^±xj^\  (7) 


which  satisfy  independent  equations 
00 

=  —  /  du'u'V(u')G(«,  u')x*,  (8) 

m  J 
0 


where 


K(«)  = 


2CA(u)  dFo 
{vfmY  —  A*(u)  d(«*/2)  ’ 


Imv  >  0. 


(9) 
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TIm  nibsliItttioB  ~  <"<1  tubaequoit  double  dif* 

of  £i|.(8)  over  u  transfimn  it  into  the  fidlowing 
difirratial  eqaation: 

wl  +  [±2V(«)  -  tV4  =  0.  (10) 

Eq.(10)  can  be  used  to  study  stability  of  various  stationary 
distributkms  Fq.  For  instance,  for  a  water-bag  distribution 
function  when  dF^/du  =  — 2j(u  —  1)  and  (Ao  =  Va~  n/m) 


A(.)= A. +«'{;)„ 


«  <  1.  f, 

u>  1  ,  ^ 


JVe» 

irpc<’ 


Eq.(lO)  results  in 


(11) 


yl/2+m^ 


«<  1  ,  j  _  T2(*A/m 

u  >  1  ,  {vimy  —  A*  ’ 


(12) 


These  equations  predict  unstable  coherent  oscillations 
within  the  stopbands  |A  7  ^  max¬ 

imum  increments  (Imi/  =  (')  independent  of  the  mode 
number  m«.  Note,  that  in  these  equations  A  is  calculated 
at  u  =  1.  This  fact  causes  general  shifts  of  the  centers  of 
the  stopbands  when  increases. 

For  a  more  realistic  Gaussian  distribution  when 


^^0  _  _,-«*/» 

d(uV2)  ■ 


A  =  Ao  -»■ 


2g[l-exp(-uV2)] 

u* 


Eq.(lO)  cannot  be  solved  directly.  However,  in  the  case 
unstable  oscillations  (Rei/  =  0),  general  properties  of  eigen¬ 
functions  and  spectra  can  be  predicted  using  the  analogy 
of  Eq.(lO)  and  the  Schrddinger  equation,  which  is  written 
for  a  particle  with  zero  energy  moving  in  effective  potential 
well 

t/«//(t«)='"'~^^^T2V(»i).  (13) 

Since  Uejj{u)  is  a  real  function  and,  therefore,  the  oper¬ 
ator  in  E^.(IO)  is  a  self-adjoined  one,  Eq.(lO)  can  have 
non-trivial  solutions,  if  a  potential  curve  (f^«//(u))  has  a 
negative  minimum  {dUtfj{uo)/du  =  0.  t^*//(«c)  <  0)  be¬ 
tween  the  stop-points  (C^e//(«i,a)  =  0,  ui  <  uq  <  ^a)- 
As  seen  from  Eqs(9)  and  (13)  for  x-modes  can  be 
negative,  if  Ao  <  0,  and  for  o-modes,  if  Ao  >  0.  This  de¬ 
termines  a  usual  location  of  the  stopbans  of  x-  and  o-modes 
relative  to  the  point  Ao  =  0.  Stability  of  coherent  oscil¬ 
lations  can  be  studied  inspecting  the  behaviour  of  Ue/j- 
F(»  example,  Fig.l  shows  the  possibility  for  unstable  so¬ 
lutions  with  increments  of  0.7(  for  dipole  oscillations  at 
least  within  the  stopband  -2  <  Aq  <  -1.  Fig.2  shows 
an  increase  in  the  depth  oi  Ue/f  for  dipole  oscillations  if 
Imv  decreases.  This  figure  also  shows  that  slow  modes 
(Imi/  <  ()  can  penetrate  in  the  core  of  the  bunch  which, 
generally,  may  cause  stronger  perturbations  of  incoherent 
oscillations.  Fig.3  illustrates  the  possibility  for  unstable 
sextupole  modes  with  increments  of  0.08^  within  the  stop- 
band  —0.8  <  Ao  <  —0.7.  Figsl-3  indicate  that  Landau 


Figure  1:  Utjj  vs  u;  m  =  1,  i/  =  0.7iC,  frcun  top  to  boittmi: 
Ao/«  = -0.5, -1,-2, -1.5. 


Figure  2:  [/,//  vs  o;  m  =  1,  Ao  =  -^,  from  bottom  to 
top:  u/ii  =  0.25,0.5,0.75. 


Figure  3:  (/«//  vs  u;  m  =  3,  i/  =  0.08*^,  from  top  to 
bottom  (at  u  =  1.6):  Ao/(  =  —0.85,  —0.8,  —0.75,  —0.7. 
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^tagBpaiiC#w  to  »  aiatt4iiie«rity  of  Um  b«unrb«m  kk^  <kcs 
IMI  illUiM  ot  koik  the  d^poke,  quaifarupole  tad  textupole 
bMNPO>hMn  modat  of  dw»t  bua^ca  [!^.  Tbit  nmlt  ww 
Mcwrtly  coadimed  {4)  by  the  nuroetical  Mlutioo  d  Eqt(4). 

III.  LONG  BUNCHES 

At  eno  thewa  m  [S]  the  coUective  beam>beam  instv 
bility  ci  kmg  buachet  (in  onr  ino<feI,  <r«  s:  can  be 

atroo^  tuppieated  by  the  ao-eaUed  phaae-avera^g  effect 
[^.  Thia  auppreaakm  occura  due  to  atremg  modulation  d 
the  jS-function  and  of  the  phase  of  betatron  oeeillationa  in 
IR: 


I  =  >/j,/9(r^co6i^(T), 

=  «  +  ^,(T)  =  a*ctan(a//3;). 

For  coherent  oeeillationa  the  effect  of  the  bunch  length  is 
described  by  a  simple  redefinition  of  the  beam-beam  pa¬ 
rameter  [5] 

<=^-  (15) 

Pw  this  reason,  for  l<H)g  bunches  Gq.(9)  takes  the  form: 


V(u)^ 


2fy«A(«)  dfb 

(i//m)»-A»(tt)d(ttV2)’ 


Imf  >  0. 


(16) 


The  suppressing  factors  (Ym)  in  Eqs(lS)  and  (16)  depend 
on  the  ratio  of  /?*  to  and  on  the  mode-number  (m).  As 
an  illustration,  we  can  assume,  for  instance,  /?*  s  when 

(51 


OO 


Figsd  and  5  show  that,  in  the  reipon  tr,  s'  the  phase- 


Vm 


Figure  4:  Dependence  of  Ym  on  the  bunch  length;  m  =  1. 

avera^mg  effect  roughly  twice  decreases  the  value  of  V(u) 
for  dipole  modes  and,  practically,  eliminates  the  instabil¬ 
ity  of  the  sextupole  modes.  Note,  that  the  dependence  d 
Ym  on  the  bundi  length  for  the  sextupole  (as  well  as  for 
hi^r  modes  [5])  is  rather  sharp.  Titis  means  that  a  sup¬ 
pression  of  the  higher-order  coherent  resonances  can  occur 


Ym 


Figure  5:  Dependence  d  Ym  on  the  bunch  length;  m  =  3. 


f(»  rather  short  bunches.  As  seen  in  Fig.5,  the  strei^h  of 
the  sextuple  resonance  decreases  twice  when  <r.  S'  0.25j^. 

I  am  indebted  to  K.  Hirata,  S.  Kuredcawa  and  K.  Yduya 
f<»  the  valuable  discussions  and  comments.  It  is  nty  plea¬ 
sure  to  thank  KEK  and  its  B-factory  group  for  their  hos¬ 
pitality. 
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hindmiiion 

Tht  B  laetoty  baaeh  tnia  ia  both  hmam  ia  dcagaflcl  with 
a  280  mtm  fap  in  oidM  to  mhiiiniwr  ion  tra|>iiing.  Poanble 
iliibnerM  ia  tin  qnehMmoa*  phaif  between  the  bnncbes 
dm  to  tUs  fap  ia  the  boneb  train  ara  studied.  Such  an 
aaaiiadi  pbaae  ehift  between  the  bunches  could  lowei  the 
luauBoalty; 


Vi 


''9 


1  Synchronoua  Phase  Galcnlation 


The  synchtcnous  phase,  which  is  the  angle  between  the 
cavity  voltage  and  the  beam  eaneat,  can  be  found  from 
the  beam  loading  vector  diagram  as  seen  in  Figure  1.  For 
a  ring  with  evenly  spaced  baaehes  the  synchronous  phase 
is  given  by: 


db^arecoi 


/M  _  (  61.4?  B.E.R. 

\V^J 


where  K*  is  the  cavity  voltage  and  V,  is  the  loss  per  turn. 
The  values  of  these  parameters  for  both  rings  are  given 
ia  Ibble  1.  For  strong  coupfiag,  like  in  super  conducting 
cavitks,  the  optimum  tuning  angle  is  do  —  do  [1]  '*nih  the 
generator  voltage  Vg  : 


V  -  V  ~  _  / 10.46  MV  S.E.R. 

~  sin(do)  '  1.82  MV  L.E.R. 

For  a  bunch  train  with  a  gap,  the  induced  voltage  is  ex¬ 
pected  to  change  with  time. 


Ring  and  Chvity  Parameters 

H.E.R 

L.E.R 

Ifs  No.  of  bundles 

2S0 

230 

/o  Beam  current  (Amp) 

0.9 

2.0 

Number  ni  RF  cavities 

12 

4 

Vet  Total  cavities  voltage 

35. 

12. 

Vt  Energy  Loss  {MtV) 

5.23 

0.76 

fr  Cavity  Res.  Fteq.  {MEx) 

500. 

499.9923 

Wr/-Wr 

1.4  •  10-» 

2.94- 10-® 

89. 

89. 

• 

Wy«r  cavils 

Q^Loaded  quality  &ctor 

2.4  •  10® 

2.68  •  10® 

0^  Coupling  parameter 

4.1  •  10® 

3.74  10® 

%  time  between  bunches  nsec 

9.99986 

9.99986 

*Woric  siqiported  by  the  Netionel  Science  Foundation 


Figure  1:  Vector  Diagram  Showing  the  cavity  voltage  as 
a  superposition  of  the  RP  generator  voltage  V,  and  the 
beam  induced  voltage  V^o 


1.1  Beam  Induced  Voltage 

The  beam  induced  voltage  for  a  continuous  train  of 
bunches  (see  P.  Wilson  [l])  can  be  found  by  taking  the 
vectorial  sum  of  the  voltage  induced  by  each  bunch  V^g, 
including  its  decay  by  a  time  constant  r  and  rotation  of 
an  angle  6  where 


6  =  Ttivr  -  w) 

Ts  is  the  time  between  bunches,  Tf  is  the  filling  time,  and 
Wr  is  the  cavity  resonance  frequency. 

T  =  ^  Qo 

^  w(l+/3) 

As  time  evolves,  each  bunch  induced  voltage  can  be  rep¬ 
resented  by  a  vector  Vi«e"*  where  (  =  (-r  +  jS),  n  is 
the  number  of  T»  passed  since  the  bunch  went  through  the 
cavity.  The  total  induced  voltage  Vg  u  the  vectorial  sum 
Vg  =  To  include  the  effect  of  the  gap  we 

note  that  during  the  gap  n  =  [N^,  Et  —  1]  (JVs  number  of 
bunches  Li  the  train,  Nt  number  of  evenly  spaced  bunches 
in  one  revolution-no  gap)  the  train  of  bunches  continues 
to  propagate,  but  there  are  not  any  new  bunches  gmng 
through  the  cavity  and  the  induced  v<dtage  ffven  by 

w.-i  ,  . 

j;  n,(e»f-e("-^‘)<) 


starts  to  decay.  In  general  for  one  revolution  R,  of  the 
bunch  train 
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it  = 

n. 

R,Ht+N^-l 

s  [  1  —  +  e“^** 

iUW. 

_*-(w.+Af*x^^-aw.t_  j 


(1) 


r  _Af,C(Jl.+l)  _  1 


fe-Ar.rtJi.+i)  _  1  -  H 

[  e-^*<  - 1  *  ; 


_  1] 
•-Nii-i\ 


=  E 

R,/tt 

and  in  tlte  giqit  intenrnl: 

it  = 

n, 

(«,+i)i«f,-i 

+«-a^*<  _  e-(’^*+'^*X  +  . . .] 

(Ji,+i)w,-i 


(2) 


R,N,+Nt 


(1+. 


••] 


R.ff,+Nt 


The  veetorini  ram  of  the  induced  voltage  of  a  train  of 
230  bnnehea  wiUi  a  gap  of  253»  for  the  high  energy  ring  is 
seen  in  figure  2a.  The  saw  tooth  shape  of  the  line  is  due 
to  voltage  decay  during  the  gap.  The  voltage  seen  by  the 
bunches  is: 

V.  =  j^+iH,  (s) 

and  its  abs<dnte  value  is  shown  in  figure  2b.  This  voltage 
is  not  constant  even  at  steady  state  as  for  the  case  of  con¬ 
tinuous  train,  but  changes  with  time.  Figure  3  shows  the 
high  energy  ring  and  Figure  4  shows  the  low  energy  ring. 
The  oscillations  during  the  build  up  time  are  due  to  the 
difference  between  the  RF  driving  frequency  w,y  and  the 
resonance  fiteqneney  of  the  cavity  Wr>  The  larger  the  differ¬ 
ence  Urf  —  Ur  the  amplitude  of  oscillation  of  the  transient 
response  is  larger,  but  the  steady  state  value  is  smaOer. 


1.2  Cavity  Voltage  Calculation 

Since  the  generator  voltage  Vg  and  the  tuning  angle  rp 
can  not  be  regulated  on  a  time  scale  of  10  nsec  (time  be¬ 
tween  bunches)  the  vrdtage  on  the  cavity  Ve  is  temporarily 
changed  when  Vt  is  changed  . 

Vc  =  V,-Vi 

The  change  in  |K|  corresponding  to  the  changes  in  is 
also  shown  in  Figures  3  and  Figure  4. 


No.  of  Elopsed  (x  10*) 

Figure  2:  Evolution  of  the  Beam  Induced  Voltage,  a )  As 
vectorial  propagation.  6 )  As  function  of  time  passed. 

By  looking  at  figure  3  and  figure  4  one  can  follow  the 
changes  of  the  vector  diagram  of  a  bunch  train  with  a 
gap.  The  beam  induced  voltage  |1^|  increases  during  n  = 
[RrNt,R^Nt  -F  IVs  —  1]  and  reaches  its  maximum  at  the 
end  of  the  train,  while  the  cavity  vrdtage  decreases  to  its 
minimum  during  this  period.  Figure  5a  and  Figure  5b 
shows  the  position  of  |T^|  and  |V^|  at  the  beginning  of  the 
train  |1^|,  |1^'|  and  at  the  end  of  the  train  (beginning  of 
the  gap)  |H*|  corresponding,  both  imposed  on  a 
diagram  of  a  continuous  train  with  equal  current. 

In  reality  the  bunch  spacing  will  be  slightly  different 
to  keep  the  loss  V,  constant  in  the  steady  state  for  all 
the  bunches.  Allowing  this  change  on  the  vector  diagram, 
while  keeping  V,  =  constont,  creates  a  new  direction  for 
the  current.  The  associated  synchronous  phase  measured 
relative  to  this  new  direction  is: 

Assuming  that  the  change  in  Vg  due  to  the  change  in  the 
spacing  is  very  small  and  using  the  values  obtained  in  Fig- 
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Amwbi^  tlMtHtiM  el»i^  ia  H  dsc  to  tin  chuife  ia  the 
•padal  it  vM^r  totott  Md  mdof  the  vtloet  obtained  in  Pig- 
wet  S  nad  PigaN  4,  the  change  in  the  ayaehionont  phtM 
3^  dt  **  d«  was  enlenlated.  The  testtH  it  shown  ia 
Fignte  d. 

HX.R.-Voitage  Induced  by  o  Train  of  230  Bunehee 


1.778  1.778  1.780  1.782  1.784  1.786 

Time  in  numbw  of  Tk  paeted  (x  10*) 

Figwe  S:  Benin  Induced  Vidtoge  teen  by  the  bnnch  tonin  at 
steady  state  fiK  H.E.R,  its  i^aae  d  aad  the  conetpoadiiig 
cavity  vottage. 


Figure  6;  Vector  diagram  of  a  bunch  train  with  a  gap.  a ) 
at  the  end  of  the  train.h)  At  the  begiattiag  of  the  train. 


Synchronous  Phase  Change  of  o  Troin  of  230  Bunches 


Figwe  4:  Beam  Bldneed  Vdltage  aeidi  by  the  bnnch  train  at 
■Mdy  state  Ibr  I1.E.R,  its  phase  d  and  the  oorretponding 
cavity.  Tphage. 

2  IbomdntioaB 

A  maxiinmn  change  of  Adt  =  dbO.007*  and  d:0.002&*  was 
obtained  tor  the  B.E.B..  and  L.E.R.  rcapectively  wlueh  is 
eqnivaleat  to  deviation  of  1.2  •  10~*em  and  4.  •  lO'^cm. 
Since  the  change  in  phase  for  both  rings  goes  in  the  same 
direction,  the  nuudmwn  idative  deviation  between  the 
bnnchet  in  the  two  rings  is  8.>10~'*em  compwed  to  the.lem 
bnnch  length.  S^ce  there  we  only  4  cavities  in  the  L.E.R. 
as  opposed  to  12  in  the  H.E.R.  this  leads  to  a  smaller  in- 
dneed  voltage  even  thongh  the  cwreat  is  more  than  twice 
as  large.  The  reason  that  a  gap  of  280  nsec  does  not  canse 


a.  measwafale  change  in  the  synchtonons  phase  is  that  die 
time  constant  of  each  eavi^  ^  =  S8.2p  sec  is  mndi  Iwger 
than  the  0.25|i  sec  gw>  length  which  means  that  the  cav¬ 
ity  voltage  does  not  discharge  significantly  during  the  gap 
cawing  only  small  change  in  AH. 
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Abstract 


Th«  SLAC  NLC  daaiga  for  a  next-ganetation  linear 
collider  ntiliMS  nmltibinidiiiig  (accdeiatioa  of  a  train  of 
bundles  on  eadi  RF  HU)  to  incieaM  the  luminosity  and 
energy  effiden^.  It  is  necessary  to  control  the  ene^ 
spread  of  the  beam,  in  order  to  minimize  diromatic  emit- 
tance  dilution  and  be  within  the  energy  acceptance  of  the 
final  focus.  It  is  antidpated  that  the  NLC  may  run  with 
bunch  trains  haeving  length  equal  to  a  substantial  frac¬ 
tion  of  the  filling  time.  Multibundi  energy  simulation 
methods  and  compensation  sdiemes  ^propriate  to  this 
regime  are  presented. 

INTSODUCTION 

Utilizing  muhibnndiing  in  a  next-generation  linear 
collider  (NLC)  requires  that  the  energies  of  the  bunches 
be  tighti^  controlled.  To  be  within  the  acceptance  of  the 
final  focus  system  and  to  control  chromatic  emittance 
dilution  in  the  Unac,  SB/E  needs  to  be  less  than  about 
0.15%. 

By  adjusting  the  timing  of  injection  of  the  bunch 
train  with  respect  to  the  RP  pulse,  and  choosing  the 
bunch  spacing  appropriately,  one  may  caned  most  of  the 
energy  variation  between  bundles  in  the  train.  The  basic 
idea  is  to  have  the  RF  structure  fill  with  sufBdent  extra 
energy  between  bunch  passages  to  make  up  for  the  energy 
lost  in  accelerating  the  preceding  bunches  in  the  train. 

However,  with  the  nmidest  form  of  this  '^natdied- 
filHng”  sdieme[l],  there  is  a  ‘‘sag”  in  energy  at  the  mid¬ 
dle  of  the  bund  train,  and  the  longer  the  bundi  train 
the  greater  the  sag.  fri  this  paper  we  shall  focus  on  com¬ 
pensation  that  permits  running  longer  bundi  trains  (~ 
a  filfing  tune)  whfle  maintaining  an  acceptable  energy 
spread.  Long  trains  are  under  consideration  as  a  wiy  of 
obtaining  the  maximnm  passible  luminosity  and  enei^ 
effidenqr. 

We  be^  by  discassing  the  fiurtors  that  affect  the 
energy  spread  of  the  beam.  A  detailed  amulation  pro¬ 
gram  has  been  vraittmi,  the  dements  of  which  are  out¬ 
lined  here.  In  this  shnulation,  one  may  take  account  of 
input  RF  pulse  shaimig  and  timing,  the  dispersion  of  the 
RF  pulse  as  it  trandts  the  structure,  the  lonfptudinal 
distribution  of  charge  within  the  bandies,  the  long  range 
wake  (LRW)  indudhig  both  the  fundamental  (accelerst- 
ing)  mode  and  hider  order  modes  (HOM’s),  the  short 
range  wake  (SRW),  and  phadng  of  the  bunenes  witii  re¬ 
spect  to  the  crests  of  the  RF.  We  shall  focus  only  on  the 
inter-bundi  energy  spread  in  the  present  paper. 


*  Wodi  supported  by  Department  of  Energy  contract 
DE-A003-76SF00515. 


Basis  of  Simulation 

We  begin  by  considering  a  sin|^  acederating  section, 
fed  at  its  upstream  end  by  an  input  RF  waveform  that 
travels  to  the  other  end  and  is  absorbed  in  a  load.  At 
some  spedfied  time  with  respect  to  the  entry  of  the  RF 
pulse,  a  train  of  relativistic  (v  s  c)  bunches  enters  the 
structure,  and  the  dectronsin  each  bundi  are  acederated 
by  the  fidds  (sum  of  RF  pulse  and  wake  fidds)  they  en¬ 
counter  in  the  structure.  The  total  diaige  in  each  bundi 
is  divided  into  a  finite  number  of  longitudinal  slices,  small 
enough  that  the  longitudinal  position  and  the  energy  gain 
of  the  electrons  in  a  given  slice  may  be  taken  to  be  equal. 

The  total  voltage  gained  in  the  section  by  slice  r  of 
bunch  n  may  be  broken  down  into 

AV„..  =  AV2;>:-|-AKl7-HAK*7  .  (1) 

We  denote  the  time  of  entry  of  this  slice  into  the  sec¬ 
tion  by  tn,r,  and  longitudinal  position  in  the  section  by 
s,  where  s  runs  from  0  to  the  structure  length  L,  and 
consider  eadi  of  these  three  contributions  to  the  total 
section  voltage  gain. 

The  voltage  due  to  the  RF  pulse  is 
L 

4^V:f  =  jE-f{e,tn.r  +  »/e)de  ,  (2) 

0 

where  B^f  (s,  t)  is  the  fidd  of  the  RF  waveform  at  location 
s  and  time  t,  obtained  by  propagating  the  input  RF  pulse 
B'f  (0,t)  down  the  structure.  L^  us  spedfy  the  input  RF 
pulse  as 

^■^(0,  t)  =  i!o{t)  coe{ur/t  +  v>o)  •  (3) 

The  acederating  frequency  Urf  is  assumed  to  have  phase 
vdodty  in  the  structure  equal  to  c  and  thus  is  syn¬ 
chronous  with  the  diarges  to  be  acederated. 

If  we  neglect  dispersion,  Le.,  assume  the  group  ve- 
lodty  Vf  is  the  same  for  all  frequency  components  in  the 
pulse  (though  it  may  in  genei^  still  depend  on  s),  we 
have 

0 

•  exp  J ^(s')***^^  cos(wp/(t - s/c) -I- <po]  . 

(4) 
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la  nattlgr,  diipankm  bmJpm  tlM  du^Mof  the  RF  polie 
change  ae  it  pcopagatae  thnn^  the  etnictare,  partien- 
lariy  Cm  a  aharpljr  vaiying  aa*d«^  Thoe,  one 

•honht  Ihaikr  aaaljfie  the  input  pabe. 


00 

E{u)m  j  F''(0,t)e-*-*<tt  , 


and  propagate  each  of  its  frequency  components  accord¬ 
ing  to  the  dkpetston  rdation  r((i;,  s)  =  or((t;,  s)  +  ip{u^  s) 
for  the  stmctnre: 


fidd  along  the  structure  when  fod  with  a  constant  amfdi- 
tude  input  pulse.  Thus  the  attenuation  coefficient  a  for 
the  electric  idd  is  sero.  For  rach  a  stmctnre 

».(•)  =  .  (10) 

where  Tzitir  We  assume  r  (shunt  impedance  per 
unit  length)  and  Q  are  ai^roodmatdy  independent  of  $. 
For  the  CG  stracture, 


jsr/(s.t)  =  i  /  |^ReF(a;)  cos[(i;t  -  B(a),  s)] 


f  B((t>)  explut/t  —  /  T(u,a^)da^dLj  . 

.1 

J  J 

-eo  S 

(6) 

-  ImB((<;)  an[(4;t  —  s)]  I 

Here  we  assume  that  the  stracture  can  be  modelled  lo¬ 
cally  as  a  band-pass  filter,  though  its  properties  may 
diange  gradually  with  s. 

For  a  narrow-band  stracture  with  small  attenuation  [2], 
a  may  be  assumed  independent  of  u,  and  a  good  approx¬ 
imation  to  /}(w,  a)  is 

/>{»,.).  ,  (7) 

where  d  is  the  stracture  period  (cell  length),  aHi(a)  is  the 
mid-band  freqoen<7,  and  the  half-width  of  the 

passband.  In  the  usual  atuation,  the  accelerating  mode 
lies  in  the  range  of  P  between  0  and  w/d;  it  is  common 
to  choose  p{u/rf,*)d  = 

The  long  range  wake  voltage  felt  by  the  slice 

is 

n-i  h 

where  B^’^(s,t,y)  is  the  field  at  location  s  and  time  t, 
due  to  the  wake  left  by  bundi  j. 

There  are  two  simpler  special  cases  of  particular  in¬ 
terest.  One  is  the  constant-impedance  (CZ)  stracture, 
made  of  identical  cells  so  that  its  properties  such  as  Vy, 
a,  etc.,  are  independent  of  s.  For  the  CZ  structure,  we 
have 

irf  (s,  t)s:—f  [ReB(ci;)  cosffad  -  /9(w)s] 

^  (9) 

—  lmE{u>)  sin[fad  —  j9(a;)s]|  . 

The  other  special  case  is  the  constant-gradient  (CG) 
structure,  which  when  unloaded  has  constant  electric 


where  B((<;,  s)  may  be  derived  analytically  [3].  The  limits 
(i7{o  and  Uup  are  the  lower  and  upper  passband  bound¬ 
aries  of  the  fundamental  mode.  Tlie  CG  stracture  is  a 
fairly  good  representation  of  the  detuned  structures  be¬ 
ing  contemplated  for  the  SLAC  NLC  design. 

Denoting  the  time  when  bunch  j  enters  the  stracture 
by  and  neglecting  dispersion,  we  have  for  the  LRW 
volt^e  in  the  CZ  case: 

=  E  -2>^qsF„j  exp(-(t  -  tj"*  - 

c  ^f,m 

(12) 

Here  the  sum  m  runs  over  the  modes  in  the  wake  (fun¬ 
damental  and  HOM’s);  Km  is  the  loss  foctor,  Qm  the 
quality  factor,  and  Vy.m  the  group  velocity  of  mode  m. 
Fmj  is  a  form  factor  that  depends  on  the  diarge  distri¬ 
bution  of  bundi  j;  for  a  Gaussian  distribution,  Fmj  — 
vx:p{-u^Otj/2).  In  future  linear  collider  designs,  the 
bundi  tengtn  is  very  short,  and  we  may  take  FtnJ  —  1- 
is  the  unit  step  function. 

The  contribution  of  the  fundamental  mode  to  the 
LRW  in  the  CG  case  is 

EirM)  =  -  2ai«,F,  J  cosier (t  - 1)"*  -  J)) 


.  Bit  - 1|"*  -  -)ir(tf  ‘  +  t,-t)  . 


where 


and  Ki  is  assumed  to  be  independent  of  a.  The  HOM’s  in 
non-CZ  structures  may  be  treated  by  equivalent  circuit 
models  [4],  but  this  is  beyond  the  scope  of  the  present 
paper. 
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Tkbla  1:  PwmvMUn 


RF  ftvqveMjr,  Ut  «  11.434  GHs 
Sectkm  l«i^  s  1.8  m 
Atteauatkm  r  =  0.506 
i^n^aoMiital  mode  Q  «  7107 
i^d.  node  loas  &ctor,  ki  s  108.75  V/pC  pq 
F1lliB8time,T/»100at  . 

Bvadi  •padng  m  lOAr/  m  42  an  ^ 

Bondi  diwf*  six  10**  ^ 

Compensation  schemes  and  examples 

Wb  modd  th«  Hnac  an  mndn  op  of  06  oectiaM  (•• 
doiaod«boi««),i*itli2ir/SiAaaeadvBaoeporeA  boi^ 
chaigos  1 X  10**.  Psxnmotennnno AomiinlkUo  1. 

The  most  ptoinidng  otnrtopr  osofid  far  bondi  ttoitts 
d  length  n  tIBng  time  or  longer,  k  to  pie>811  the  etroc- 
toie  in  sodi  n  nagr  that  the  eneigjr  gam  of  each  bonch 
doting  the  traanent  period  appradmatoa  the  energy  gain 
of  each  bonch  in  the  steady  atatefS).  In  the  amplest 
focm  of  tins  sdieme,  the  amplitode  of  the  hqmt  BF  fiddlxl 
k  Bneariy  tamped  doting  the  first  filBag  time,  then  thc^,^^ 
bondi  train  k  hijected  at  the  beginning  of  the  second  ^ 
^ng  time.  The  inpnt  BF  poke  osed  in  oor  eiample  kia^ 
dioint  in  Fig.  L  Honeoer,  dnoe  dBaperdon  creates  large 
ampfitode  Tariations  cm  the  front  of  the  BF  poke,-  it  k 
dearaUe  to  wait  an  additicmal  10  nsec  befue  injecting 
the  bnndi  train,  to  allow  the  worst  of  these  diqierBon 
Srigid^  4o  propagate  ont  of  the  stroetore.  The  result¬ 
ing  fractional  energy  deviation,  for  a  90-bnnch  train  k 
shown  in  Fig.  2.  Were  it  not  for  the  eflhcts  of  ^sper- 
shm,  the  steady  state  woold  be  reached  at  aboot  bonch 
70,  as  can  be  seen  in  Fig.  2(^,  where  diqierricm  k  not 
indhided  in  the  calcolatfon.  2(b)  di^  the  resnlt 
with  dkpeidcm  indoded,  bot  w^  effects  diminkhed 
by  aOcNring  the  front  10  nsec  of  the  poke  to  propagate 
oot  of  the  stroetore  before  injecting  the  bonch  train. 


0.004  [-  \ 


(b) 


V  ^ 

^  V  V 


Bunch 

Figne  2.  Rarticaial  enetgy  deriatioas  of  boachm  in  long- 
polae  pce-fiDing  oonnicasatMm  idbaae,  (a)  ignoring  diaper- 
aioa,  (b)  iacfaiding  di^erriem. 


100 

f 

80 

1 

60 

o 

> 

c 

• 

40 

sg 

20 

1 

0 

0  50  100  ISO 

Time  (nsec) 

FSgoie  1.  Eandope  of  b^ot  RF  pdae,  osed 


kog-palae 


Another  poadble  scheme  for  long  bench  trains  in¬ 
volves  staggering  the  timing  d  the  BF  pokes  in  different 
sections  Space  prevents  n  detailed  dkenariem  of  thk 
scheme  h^  ^  overall  energy  omnpensation  (net  effect 
over  a  snmaf  sections)  obtained  vrith  tide  scheme  ksimi- 
kr  to  that  of  the  preceding  sdienie.  It  does  not,  however, 
keep  the  energy  as  well  compensated  locally. 


Finally,  we  mention  a  rdated  strategyjT],  in  whidi 
one  amnodmatdy  eqnalizes  the  bonch  enerpes  via  the 
match^fiDing  m^i^  and  then  modnlates  the  BF  in- 
pot  doting  the  time  when  the  train  k  pasnng  thcon|d> 
the  stroetore,  to  compensate  the  *sa^  one  wcmld  oth^ 
vrise  get  in  the  middk  of  the  bonch  train.  Sochascheme 
may  be  the  best  for  trains  which  ate  of  order  a  half  of 
the  filSng  time  in  length. 

We  thank  D.  Fhrtas,  B.  kdOUer,  and  B.  Palmer  for 
snggestkms  regarding  emmpensation  sdiemes,  and  the 
members  eff  the  NLC  stroctores  groop  for  other  hdpfol 
dkcnsaioiis. 
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Atetiaet 

Thli  p^per  is  to  IBusttate  that  the  ftwr-dtaenrioosl 
endttanoe  Is  aotomatiosBy  shriaked  in  the  partiCQlar  static 
magnetic  fUliadiile  the  vertfcat  emittanee  ii  still  a  con¬ 
stant.  It  is  the  idiyrical  mechanimi  that  the  transwene 
vdtacity  of  my  particles  ii  not  only  decreased  tntt  also 
makca  the  longitudinal  velocity  approadmate  to  the  vdoci- 
ty  of  the  eguilihrium  partide. 

1.  INTRODUCTION 

The  uttca-tet  automatic  coaling  iot  beams  (  U- 
FACB)  was  fbund  out  [13*  In  the  woric  followed  [2]  t 
the  damping  phase  diagrams  in  the  emittanoe  qpaoe  were 
obtiined.  Sudi  show  that  UFACB  of  the  emittanoe  apaae 
in  the  transwcse  direetian  h  true  indeed.  In  this  papa 
the  rmult  of  UFACB  in  six-dimeskmal  emittanoe  apace 
wdl  be  glvmt  so  we  are  sure  that  the  phase  density  of 
the  emittanoe  apace  is  increased  indeed.  1^  means  of  the 
ahxgdy  md  eapHdtly  physical  fdcture  of  the  transfer  be- 
twem  both  of  the  transverse  and  feogitudinal  energy  ythe 
mechanism  of  UFACB  ii  dhiatrated.  The  transverse 
oodbig  is  due  to  the  energy  tranafering  to  the  longitudi¬ 
nal  direction  t  which  also  results  in  the  kngitndinal  cool¬ 
ing,  so  the  adx-dimesianal  oooling  rate  ii  mudi  fester 
thm  the  transverse  cooUng  rate. 

2.  THE  TRANS  FORMATION  OF  THE 
PHASE  VOLUME 

I  Tto  relattvistie  Hamiitonim  for  a  diarged  particfe 

\  movhig  under  the  influence  of  m  etoctrainagnetic  Add 

[33  ii 

eA.)*-Kp»— eA,)*-Kp,— eA,)*+ 

mV3*+eV  (2. 1) 

Since  the  particle  vdodty  v^BConst,  let  us  introduce 
the  relative  veiodty' 

A  A. 

dt"''*vdt 

(14-kx)*  •  <2. 2) 


The  cocreepondfaig  canonical  mommtum  cm  be  rep- 
resmted  by  [33 
Pb  — ?  •  I  •  (1+ka) 

-•mYv(l+kx)*  •  i*i-eA. 
p.— mYV3l+eA, 
p,— myvy+eA, 
in  the  uniform  Held,  let 

the  corresponding  vector  potmtiais  are 
A.-X«S*a+kx)  (2.5) 

— 5-  • 

A.-A,io 


(2.3) 


(2.4) 


the  eq.  (2. 3)  becomes 

H“o|  ^jq^^Cpb+-|lii,(l+lac)*3* 

-H^+l^-hnV3}‘'*  (2.6) 

Let  us  consider  the  four-dknendonal  emittanoe  on 


the  horizontal  direetian.  In  the  canonical  phase  spaoe, 
we  have 

do»dx.  dps.  ds.  dpb  (2. 7) 

in  the  emittanoe  q)aoe,there  is 
dvBodz  •  da  •  ds  •  <U  (2. 8) 

they  are  rriated  to  each  other  1^  Jsoobim  determinmt  Jt 
du^Jdv  (2. 9) 

j_e(x,p.,s,Pb) 
e(z,a,s,4) 

performing  a  derivitive  to  eq(2. 5),we  know, 
J-(mYv)*(H-kx)*  (2. 10) 

thm 

dUi»*(n*Yv)*(14'kxi)*dvi  (2.11) 

dus  =•  (rnyv)*  (H-kx»  )*dvk 
LiouviUe's  theoron  tdl  us, 

dUk^Ut  (2. 12) 

therribre 

Whidi  shows  that  the  emittanoe  elemmt  h  not  a  oon- 
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tiiMt>  oikw  wwdht  Mm  iMMMMvy  Md  MflMitit  con- 


3.  THE  MOTION  ON  THE  MEDIAN 
PLANE 

tattwcaMoCtbeuntfonn  iBaldt  Uw  vcrtkid  motion 
k  •tpkvHilHit  to  tlio  motkm  in  the  free  vaee.eo  that  the 
vertiBal  emittanoe  k  an  ht^akknt.  In  thk  way  twe  need 
only  to  dkeuae  the  motkn  in  the  median  plane  of  the 
mainet. 

Under  the  hard-edge  apfuroodmatiaai  aa  abown  In 
Pigl.  when  the  initial  oonditiona  ot  the  incident  partkiee 
are  xtfdi*aitd)reapeetive|ytediere  dot  meana  the  derMtiwe 
with  reaped  to  t  over  v.  the  atraight  line  equation  of  the 
partkie'a  orbit  in  free  diaoe  k  written  aa 
X— xi—x*!  •  (a— Si)  (8. 1) 

where  x' tfrB  (raxk  equdkn  k 


X  —e  •  tgCy—eu)  <3*  2) 

— s  ‘tgCau) 

performing  the  aotution  of  the  above  two  linear  algebraic 
equatian«  we  get  the  coordhiate  at  the  magnet  entrance 

*ooa(«j)+J  •InCdi,)^ 

Aa*  “[(a*— ai)*4-Cxt— xi)*J'* 

Xi  »  ain(flu)-fai  «  coa(6u) 

“di  •  ate(8u)-K  •  ooaCfii) 

where  ASf  stands  for  the  tnwellii^  distance  in  the  edge 
region. 

Let  us  consider  the  transformation  of  the  beam  go¬ 
ing  thMigh  the  uniform  magndic  field  region*  as  shown 
in  Figl*  the  particle's  orbit  in  the  uniform  field  k  a  dt- 
de.  In  the  oonditiona  given  by  the  paper  C13C23  the  edge 
at  the  magnd  exit  k  paraBei  to  that  at  the  entrance*  and 
the  center  of  the  equilibrium  orbit  plaoee  on  the  exit 
edge.  lnthatcoBe*nooiMof  the  vdodtyknatpatalleito 
each  other  at  any  pkoe  while  they  are  paralel  at  the  en¬ 


trance. 

^  mens  of  the  similar  reiatian*  the  increaeed  quaittity 
of  the  distance  of  ttavek  hi  the  magnet  region  cn  be 
written  asCl*23 

we  know 

dk— ainCfie*)  (3.6) 

sin(8flk)>-[l— A  •  ain(eiri)-|-]ti  •  oos(6U)-i-sin(8u)] 
sinoe  the  ooocdinatee  and  the  velocity  ate  oontinoous*  by 
meana  of  the  eimfler  ways  to  the  p^wrCl3*the  final  re¬ 
sults  can  be  wrhtm  as 


**“  Idi .  oos(flU)+5  •  dn(^,)] 

[1— (Vl“^)  •  dn(8N)4-ii  •  oos(flti)+sln(«rt)] 
Sk'-Ast+As. 


xi » dn(t<)-Ni « cos(fa) 
“jti  •  sln^flu)-K  •  ooa(6u) 

ik-Vl-sin*(i) 


fASm 


sln(6lt)  — —  [1— ii  •  sta(lu)4->/)~^*  *  eoa(lg)-4-sln 

(h.)3 


f"win(8u-f-fi8k)+k  •  t 


Fig.  1,  Diagram  of  Particle's  Motion  in 
the  Influence  of  Uniform  Field 


th^  are  the  precke  solutiona  in  the  four  dimensions.  In 
the  case  of  the  two  dhnonaiona*  those  become  the  same 
as  eu.  (3. 9)  in  the  narw  fll 

4.  JACOBIAN  TRANSFORMATION  OF 
THE  EMITTANCE  SPACE  IN  THE 
FOUR  DIMENSIONS 


By  means  of  diffnentiating  the  above  precise  formu¬ 
las*  the  corresponding  Jacobian  determinant  bi  the  four 
dtanendons  cn  be  obtained.  Sinoe  ik  k  only  depmdent 
on  g|*  and  fk  k  only  dependent  on  fi*  we  know 


dxk  * dbtk  * dSk  * dfk^J •dxi*dgi*dSi*(Ui 


Jll 

Ju 

Jl* 

Jm 

0 

J» 

0 

0 

J*l 

J» 

J» 

Js4 

0 

0 

0 

Jm 

>J» 

•  J** 

•(Jll 

•J. 

(4.1) 


A/CA  •  ooe(g*)-|-3ii  •  Sin(flu)] 


•  oos(art)-l-jii  •  sin(0«)] 
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•  oai<iU)-Hl»  •  itaCiU)] 
•  iin(lw>3 


^  *4 


V7^ 


*  ato(eu)] 


*  (iZjf)^  *  ®“^4*)+ii  •  ■!»(««)] 

tt(«%)— 7=^|L=:  (4.2) 

Vl-rt»*(Mb) 

rt&(Mk)~i— 4  *  ain(8U)+4  *  oat(4i)+tiii(6u) 
tUi  nralt  tiwM  m  meh  tnupfrathiiM  « ibOowt. 

1.  JwoMan  J  ii  kM  than  onhy  1.  wbila  ii9^0,tlM 
amittance  hi  tha  lour  dhnwiafcna  will  be  atwaya 
ahrinked.  In  other  wordat  h  ia  ooaihit  indeed. 

2.  Flam  the  tamaia  (4. 1)  we  know,  Ju  • 
whidi  algnillaa  that  the  extended  late  at  the  tianaverae 
coordinate  x  ia  jnat  eQuat  to  the  ahiinked  rate  of  the 
ttanawarae  vaiocity  il.  ao  the  tnnawcae  emhtanoe  in  the 
aix  dhnenaiona  la  an  htvarhnt*  too.  Theiefere*  die  beam 
oooUnt  ia  only  taken  plnoe  in  the  lonthodinal  dheetfan. 

3.  Shoe  the  vertkal  emittanoe  la  an  hwaiiantt  bat 
one  of  the  Hoar  degiee  danghter  apnoe  li  ahiinked*  it  k 
aura  that  the  emittance  In  die  afac  dhnenaiona  k  de- 


5.  THE  PHYSICAL  MECHANISM 

The  pfayakat  machankm  of  the  oooHns  can  eaafliy  be 
aeen.  It  k  the  baale  chafaetarktha  of  the  nntiaa  that  ad 
ofdwtiaiiavaiaeveloeityiiottoeqaalaeroaiealwayade- 
creaaid  and  tranaltried  tethefcntftodhial.  Fhady*  Jn> 
l«the  dhnenafcn  of  the  ttanaetrae  amplihide  fcr  the  por- 
aiM  incident  pattieka  k  hKfemediaeeandty*  ^<l«the 
ttaneeMae  vefaeky  k  decceaaedi  and  thkdly* 
the  ttanaverae  emittanoe  for  the  aix  dhnenaiona  k  an  hi- 


wMknt.  In  that  ooae*  the  tfanaveroe  walocky  k  ognth»- 
oaaly  franalifted  to  the  kafkadhad  dkactkn  to  make 
die  kanhwdhiai  wkchy  oonthmouaiy  appreahnek  to  the 
eqalirhim  one.  Howewr.  ^  k  approadmataly  egool  to 
unky  1*  bat  JmO*  the  kngkadhial  dhnenakn  k  ap- 
proxHnataly  hnntknt*  whka  the  kotkodinal  endttanoe 
k  obvkoaly  decieaaed.  SInoe  the  kotkodhad  ooolint 
comae  from  that  the  ttanawerae  vekeky  k  tranafcried  to 
the  katkodinal  dkectkn*  we  can  eaB  k  the  tianahr 

OOOfiD^e 

hi  the  paperCl3C23t  in  the  caoe  of  ahnpllftdng  die 
probkm  to  the  loar-dhneakanl  one*  tianawacae  emktance 
k  decMaaed*  which  k  kd  by  the  knskodinai  vekeky 

tianafanted  to  the  tianaverae.  we  know* 

*kk/4**— tsMki  and  we  have  aeen  that  the  decreaaad 
late  of  the  tianaverae  vekeky  k*  k  equal  to  the  inereaaed 
rate  of  Xk*  ahowethhik  aboot  that  the  kntkadhik  ve- 
loekyikklnciaaaedbecaueekktianaftnedtotbelaati- 
todhialdiiectkn*  ao  the  decraaaed  rate  of  x'  moatbekaa 
thu  the  deeieaaed  rate  of  k  becanae  of  the  hwreoae  of  the 
rtennminator  i.  Therefore*  in  thk  caoe*  the  tmaaverae 
ooolint  oomoo  from  the  kntkadkal  tianakr. 

the  mechankm  glwa  ua  an  Inapkatkn  to  Itad  a  way 
of  kapeowint  the  oooitag  nke.  If  we  make  the  edge  fo- 
cuaing  angk  q>  at  the  «dt  beoome  mtaua*  whkh  pkya  a 
lok  in  tocooing  for  the  tianevoiae  motion*  the  k*  at  the 
exk  k  lather  approximating  to  aeio*  ao  that  the  cooling 
late  nnak  be  kaproved*  eddeh  wid  be  teated  ktter. 
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All  Bxaet  Bxpnsirtcm  for  the  Momentum  Dependence  of 
the  Space  Charge  'Dme  Shift  in  a  Gaussian  Bunch 

Michel  Mertini 
CERN,  GH1211  Geneva  23 


Akinet 

An  analytical  ■|>proadi  to  calculate  the  incoherent  tune 
•Uft  in  the  preaeace  of  non-linear  q>ace  eharfe  (brcea  is  de- 
aeiibed  in  thia  paper.  Cloaed  fSorm  espreanons  to  evaluate 
the  dependence  cl  the  apace  charge  detuning  on  betatron 
amplitade  have  been  derived  previoualy  for  a  beam  of  ellip¬ 
tic  croaa  aection  with  Gauaaian  diatribution  in  tranavme 
dinmakuM,  under  the  condition  that  each  particle  haa  the 
aame  momentum.  The  preaent  computatkm  conadera  in 
addition  the  dependence  of  the  apace  cha^  detuning  on 
mmnentum,  for  a  beam  with  Gauaaian  momentum  diatri- 
butMm.  Two  effecta  are  taken  into  account  for  an  exact 
cakulatkm:  the  widening  oS  the  beam  due  to  momentum 
aptead  and  the  variation  of  the  tune  riiift  with  the  l<»gi- 
tudinal  poaition  in  the  bunch.  Application  to  the  preaent 
high  intenaity  beama  in  the  CERN  PS  machine  and  to  the 
fbteaeen  beam  for  LHC  ia  diacuaaed. 

I.  INTRODUCTION 

The  underatanding  the  apace  charge  dfecta  ia  pri¬ 
mary  importance  for  low  energy  circular  acceleratora  and 
atMage  ringi  eq>eciaUy  for  beama  ot  high  intenaity  and 
brightneaa  aa  required  f<w  the  LHC  [1].  Thecwetical  modela 
which  permit  r^able  numerical  aimulation  are  desirable 
to  analyse  the  beam  behaviour.  An  analytical  approadi  to 
calculate  the  incoherent  tune  shifts  in  circular  accelerators 
and  storage  rings  in  the  presence  of  nonlinear  space  charge 
ftmes  is  described  hoeinafter.  The  model  takes  into  ac¬ 
count  the  dependence  of  the  q>ace-chatge  induced  detun¬ 
ing  on  betatron  amplitude  and  momentum,  for  a  beam 
with  Gaussian  distributions  in  transverse  dimensions  and 
momenta. 

II.  EQUATIONS  OF  MOTION 

In  a  linear  lattice  the  synchro-betatron  motion  for  a 
charged  particle  in  the  presence  of  space  charge  forces  can 
be  derived  frcrni  the  Hamiltonian  [2] 


the  total  otergy  of  the  particle  and  0,  y  the  relativistic 
parameters.  U(x,z,a)  is  the  potential  generated  by  the 
beam,  is  the  quadrupole  strength,  Kr,t  the  curvature 
of  the  reference  orbit,  L  its  length,  V{a)  and  ip  are  the 
accelerating  field  and  the  phase,  h  the  harmonic  number, 
mo  and  e  the  rest  mass  and  the  charge  of  the  particle. 

The  off-momentum  trajectory  may  be  placed  at  the  cen¬ 
ter  of  phase  q>ace  by  means  of  a  canonical  transformation 
with  generating  function  [2] 

Fj(x,r,(r,p„p„p,)  = 

Pg(x  -  Dg^)  +  pt{z  -  D,A)  +  (I^x  +  Ly^z)A 

-(DlDg  +  iy,Dg)^+Pg^  (2) 

where  Ap/p  is  the  momentum  deviation,  Dt,^  is  the 
dispersion  fimction  and  a  prime  implies  differentiation  with 
req>ect  to  s.  The  transfmmation  equations  lead  to  the 
known  expresskma 


y  =  y-DfA  p,  =jv-£^A  (3) 

d  =  (T  -b  i-Dgpg  -  DtpM  +  iy,x  +  (4) 

and  pg  ss  pg,  where  y  stands  either  for  x  or  z.  Assuming 
that  there  is  no  dispersion  in  the  cavities  (V(s)Dy  =:  0, 
=0)  and  using  the  “oscillator  model”  for  the  syn¬ 
chrotron  motion  [2],  with  expansion  of  the  cosine  term  to 
the  second  order,  the  Hamiltonian  reduces  to 


iia  z  in.  «  s  ^  _  et/(x,s,g)  q  , 
H{x,z,a,pg,pt,p„)-  +2?* 

+  p2  +  P?)  +  2^?^’ 


where  ri—  l/y^—Op  is  the  phase  slip  factor,  with  the  mo¬ 
mentum  compaction  factor  and  the  synchrotron  frequency 


H{x,z,ff,p.,p„p„)-  +2.yj 

- (KgX  +  /f,x)p»  +  5  (j.x*  +  ggz"*  +  p’  +  p]) 


L  eV(^) 
2xk  moc*/^ 


cos 


/2»A  \ 


(1) 


in  which  x,  p„  z,  pt,  a—0ct,  p„^ AE/0^E  describe 
the  i^nchro-betatron  oscillations,  s  is  the  arc  length,  E  is 


I  fia+L 

Op  =  I {KgDg  +  K,D.)  ds  (6) 

_5  2whrK^ COS ip  .. 

^ - fia  I 

We  introduce  the  action-angle  variables  ^x,x,9 

and  lg,t,0,  use  two  consecutive  canonical  transfor¬ 

mations,  transforming  first  H  into  K  and  then  K  into  K, 
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(«•  +  Ub  1>»)  -  ^  (ttj  +  tm  1^,)  (8) 

Ttei  the  eqoatioiis  of  motion  can  be  writtoi  m 

if=>/2/y)^cae^  ft='^^^(ttfcae^+nn^) 


wtnu  ^ 

in  which  R—L/2ir,  y  now  stands  dtha  for  c,  r,  or  and 
Fr  =  F,  si,  Hie  Hamiltonian  K  after  substituting 

the  transfcwmed  variables  becomes 

k{i,XX,  X,  *,,*0)  =  ^  ^ 


Using  perturbatkm  theory  a  final  canonical  transfiurma^ 
tion  to  new  action-angle  variables  and  ^0^,0  may 
be  further  applied  so  that  to  first  the  transformed 
HaimltcMiian  is  the  average  the  did  HamilkMuan  R 
over  the  old  angle  variables  [2].  Moreover,  assuming  that 
the  disturbing  potential  is  small,  the  new  action  variables 
may  be  replaced  by  the  old  ones  so  that  the  transformatkm 
equation  for  the  angle  variable  is 


^_dK  eF,  d{U) 

~  dl,~  R  moe*0»-,  dl,  ' 

whoe  the  average  is  taken  over  both  the  ^>0^,0  and  a. 


III.  SPACE  CHARGE  POTENTIAL 

Bunched  beams  of  ellipooidal  sh^>e  with  half-dimensions 
a,  6,  e  defined  as  1/2  times  the  r.m.s.  beam  rises  er^, 
O0,  and  with  Gansrian  charge  density  in  the  ellipsoid 

yidd  non-lin^  space  charge  forces  generated  by  the  scalar 
potential  [3] 

P(»,  «,»)=- 4^, 


where  iVi  is  the  numbw  of  particles  per  bundi  and  co  the 
didectrie  constant  ct  vacuum.  The  effects  of  image  fields 
due  to  the  conducting  vacuum  pipe  have  been  ignored. 

Combining  Eqp.  3-4  and  Eqs.  lO-ll,  and  considering  the 
“smooth  approximation”  0^  «  RfQf  nod  w  ^RIQ0 
gives,  reidacing  ^0^,0  by  to  first  ^ipraximatkm 

yasycos^ -.DyAsin^y  (16) 

o  ■=■  9 oaaif0  —  b0Q0itka.if0  —  (17) 

in  which  y  =  yJ^I^RIQ^,  9  =  A  =  Q09/11R 

denote  the  amplitude  the  ^chro-betatron  oscillatioos, 
JC^  is  the  mean  d^jierrion  fimction.  Hien,  e:q>anding 
(7(r,  z,  O')  in  aeries  and  using  the  above  eiqirearions  yidds 

(icoail>0—b0Amilf^  '^Yzcos^fr,— AAsm^j'^V** 

'‘I  -  j  V  *  ) 

^  ^coeri^-g,Q,xrini&,-P,G«zrin^,J^*^ 

with  Uie  elliptic  integral 
Hiithth)  = 

/“ _ df  _ .  . 

Jo  (1 + *f)>‘+i(i + f )»*+*(i + ^  ^ 

Whoi  the  kmgitudinal  dimenrion  of  the  bunch  is  much 
larger  than  the  transverse  dimensions,  Eq.  12  ro*.y  be  m>- 
praadmatdy  evaluated  using  the  recursion  formuk  « [4] 

/(0.0,,),ta(^)’-2|:^  (20) 

^(1.0,is)«^  (21) 

JOuO.ato  (») 

lUuh.i,)  ■.  “-‘’O.+iftm+hh-iM  ,j3, 

Ja-1/2 

where  a=b/a.  Eqs.  21-23  are  independoit  on  ja. 


IV.  TUNE  SHIFT  FORMULAE 

Integrating  Eq.  13  through  one  machine  turn  gives  an 
additional  phase  advance  which  is  identified  with  the  space 
charge  detuning 


AQ,  = 


dy 


(oa-K)(»’  +  0(T*c*+f) 


dt  (15) 


Assuming  that  the  machine  tune  is  removed  from  non¬ 
linear  and  coupling  rescmances  Eq.  18  may  be  averaged  in¬ 
dividually  over  the  phase  advances.  The  resulting  calcula¬ 
tions  yield  a  potential  which  depends  only  on  the  synchro- 
betatron  amplitudes  x,  z,  and  A.  Hence,  differentiating 
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tiUb  po^Mtiil  mA  {■wHing  Um  mmH  iiio  I9.  34  fivw 
Hm  lnlMawa  Md  moaoMikuinuiplitiide  dqMndence  of  the 
HirBiuft  twM  shtft  Thus,  the  horiioatat  epece  diuge 
PmeihifkM 


W3t-’h)mh-k))\  i!*!/jm! 


iatt  AaO  M)  maO 


i*al  itaO  isaO 

(2(i,-.^)!(3(/a-*))! 

_ t-t-m _ 

*  (t4’m)!(is-^-’m)!(i3+h-/-m)!(ii  +13-*-*)! 

*  (jJ +ia-*-*+0J  W 

>‘<7 


w 

V  vAi  y  \  i|itt  / 


vaOj-*) 


(25) 


in  which  5  =  QacfuR  and  AQo,s  i*  the  Laelett  tune  shift 
in  the  center  of  a  Gaussian  b<«m 


AGo,4r  = 


kiNiRro  1 
nBfQmP^i^  a(a  +  5) 


(26) 


where  Bf  ss  k^a^fy/^R  is  the  hunching  fSwtxw  defined 
as  the  ratio  of  tte  mean  to  peak  line  charge  density,  kt 
bdng  the  number  of  bundtes  and  ro  ~  e^/4irco>Roc^  the 
classical  particle  radius.  Eaprearions  for  the  votkal  and 
the  Iongitu<final  tune  shifts  can  be  writtoi  similarly.  Eq.  25 
reduces  to  the  Kcil  formula  when  e>a,5  and  A=0  [4]. 


V.  RESULTS  AND  CONCLUSION 

The  fiwegaiHg  finmnlae  have  been  iqtplied  at  the  1  deV 
iivecticm  into  the  PS  to  the  present  Ugh  intoisity  beun 
ddivered  to  the  SPS,  and  at  tiie  1.4  GeV  iiyection  into  the 
PS  to  the  high  brilliance  beam  required  for  the  LHC  [1] 

•  SPS:  20  bunches  of  10*’  protons,  1  GeV,  55  ns  long, 

l^-momentum  spread  o'a=0.75x10~’,  l(r-nOTmalized 
onittances  =  12.5, 6.25  pm* . 

•  LHC:  8  bunches  ci  1.75x10*’  protcuis,  1.4  GeV,  190  ns 
hmg,  Iw-momentnm  spread  0*^  =  1.25  x  10~’,  ler- 
normalised  emittances  — 3.5, 1.75  pm. 

Figures  1-2  diow  the  amplitude  dependence  of  the  space 
charge  tune  shifts  for  these  two  beams.  The  nominal  tunes 
are  Q,^=6.Xt,  6.2$.  Calculations  have  been  perfmmed  for 
anqditucks  varying  between  0  to  with  the  series  ex- 

pansums  pudied  to  the  15th  ordn.  The  Laslett  tune  shifts 
ate  Aa^= -0.21, -0.30  and  AQ“«= -0.18, -0.31. 

‘The  bMm  halMiaMMMaB  ere  a  s  y/iy/tiR/0iQm 
t  ■  +1^0^  end  c  =  y/2tiRo^fQm,  O»=O,J*/0c. 


Figure  1:  T\uie  diegwMw  et  the  1  GeV  PS  injec- 
tiou  for  the  present  beam  for  SPS. 


Figure  2:  Tbue  diagram  at  the  1.4  GeV  PS  iigec- 
tioa  for  the  fature  beam  for  LHC. 

Ihe  betatrtxi  and  momentum  amplitudes  having 
Rayleigh  distributions  [4],  the  mean  tune  shifts  have  been 
computed  from  Eq.  15  by  averaging  Eq.  24  over  all  the 
amplitudes  using  Monte-Carlo  integration.  The  results  ate 
<AG)^-0.09,  -0.13  and  {Ag)‘;|f =-0.08,  -0.13.  Thus, 
the  wmghted  average  of  the  detuning  is  leas  than  half  the 
Ladett  tune  shift. 

The  tune  diagrams  Qt-Qt  for  the  LHC  and  the  SPS 
beams  look  almost  similar.  Hius,  by  ranng  the  PS  input 
energy  to  1.4  GeV  the  tune  qireads  of  the  LHC  beam  will 
be  maintained  at  the  presmit  limiting  level. 
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Ahstnet 

Two  Mmplo  aaoKtica]  formulae  to  eyaluatc  a  lifetime  of  a 
Mored  eloctrmi  (potitroo)  beam  at  elorage  ring  have  been  derived. 
Compariioo  betweea  the  ttfetiame  measured  under  typical  opera¬ 
tion  conditioaa  and  calculated  values  has  been  carried  out. 

I.  INTRODUCTION 

Traditimially,  to  calculate  a  beam  lifetime  along  with  a 
bunch  volume,  revolution  frequency,  harmonic  number,  electron 
energy,  beading  radius  and  current,  the  eatemal  parameters  such 
as  a  vacuum  chamber  aperture,  residual  gas  pressure  and  RF 
voltage  have  been  used.  [1],  [2],  {S].  However,  discrepancies  more 
than  an  order  of  magnitude  may  be  observed  between  a 
calculated  and  experimental  data  [2],  [4].  In  our  cate  we  tried  to 
obtain  a  lifetime  estimations  bated  only  on  beam  parameters. 
Previously,  such  kind  situation  has  experimentally  adinowledged 
at  TANTALUS  [5]  ring. 

II.  THE  FORMULAE  DERIVATION 


1 


n<T-c  ’ 

Where:  T  -  beam  1/e  lifetime,  n  -  density  of  particles, 
<r  —  scattering  cross  ection  of  a  tingle  spherical  dectnm,  c  -  speed 
ofttght. 

0  =  lld»  =  -^. 


d  *  2  r, 

V  »  (4-r)T  a/o.-a^ 

Where:  0^^,  bunch  tixes  measured  in  bending  magnets. 


CT,. 


Consider  train  of  dectron  bunches  moving  throu^out  a 
magnetic  field  atedia  tupfdied  by  bending  magnets.  It  has  been 
known  that  in  {datnui  pbytica  the  rdation  of  a  plastna  to  magnetic 
ptestore  is  commonly  used  to  describe  plasma  b^vior.  By  aivdt^y 
of  plasma  pressure  we  introduce  a  tingle  bunch  dectront  pressure 
'.as: 


NB 


Where:  N  -  number  of  beam  dectront,  E  -  dectron  energy, 
V  —  bunch  volume,  -  number  of  used  bunches. 

Magnetic  pressure  can  be  written  as: 


p 

-  2h.’ 

Where:  B  —  magnetic  induction  of  bending  magnets, 
permeability  of  free  space. 

Then  relation  ot  dectront  to  magnetic  pressure  P  can  be 
written  as: 


„  2-N’E‘p. 


Furthermore,  let  an  dectron  be  considered  as  a  sphere  of 
radius  r,  such  as: 

r  = 

Where:  —  Compton  wavdength,  X^a4L42 JO'"  m.y  -  rdativistic 

factor,  E,  -  •■«**  eo«gy- 

Also,  let  a  scattering  crossection  of  an  electron  be  dependant 
on  only  this  radius. 

Finally,  let  for  P  larger  than  the  unit  dectron  bunch 
behavior  be  similar  to  that  of  ideal  gat  doud.  When  P  is  lower  than 
the  unit  a  separate  spherical  electron  moving  throu^out  a 
«Bsedium»whote  density  is  product  of  a  single  hunch  density  and 
number  of  used  bunches  must  be  considered.  The  latter  conation, 
in  turns,  requires  a  some  lund  of  density  memory  in  a  rdativistic 
orbit  region.  p>l.  Lifetime  is  calculated  by  means  of  a  commonly 
used  formula  [6]: 


Where:  Sxal  —  hunch  FWHM  sizes,  —  bunch  duration. 


The  foBowings  rdationt  alto  taken  into  account: 

y=1957E(GeV), 

R(ni>.B(T)»3J4.F.(GeV). 

I(A)*1.6.10-‘*-N-<d,(Hz), 

Where:  R  —  bending  radius,  1  —  stored  beam  current,  -  bunch 
revolution  frequency. 

On  trantfoiming  the  formula  and  P  for  practical  use,  we 

have: 


,  l,4ML*a>.(MHa)*0,(nim)-0Jnun)-<J,(mm).E^GeV) 

%(bourf}  •  ■  '  I  ■■■  w  .  I  A  . 


5‘R*(m)»l(niA) 


0,(nun)  ■Oj(mm)  •OJimm)  ■CD^(MHs)*E(GeV) 

P<1.  Write  a  total  drag  force  F,  which  it  applied  to  tpheried 
dectron  moving  in  a  medium  of  the  density  p  as  [7]: 

F=Cp-A-^P’C^ 

Where:  A  —  chars«teristic  area,  -  coefficient  of  drag. 
According  to  the  above  suppositions: 

_  _  N-E 
p  Vc* 


A 


Approximatdy  constant  over  transcritical  region  of  its 
dependence  on  a  Reynolds  number  Re,  coefficient  of  drag  [8], 
[9]  equd  to  0,15  has  been  choosen. 

Energy  E^  which  the  dectron  lost  during  one  turn  in  a 
storage  ring  magnetic  fidd  it: 


£,»2ltRF 

Full  energy  loss  E^  during  lifetime  T  is: 
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t(hour*) 


INm  !•  a  banduig  ra4iiM  >  btcan  iMallar.  It  it 

lid  that  tfca  aittr—  tkatiM  b«  naally  latt  whati  it  bat  c«m« 
MWMinil  biMKk  wMtk  30^  in  ik«  raAal  diraction. 

Bnargy  ckangc  AE  due  w  kending  radiiit  rethtetinn  it: 

W«  aktaia  T  a^natiag  E,  to  AE: 

l^.-E 


t(hou») » 

limA)R*{m) 

111.  COMPARISON  WITH  EXPERIMENTAL 
DATA 

la  Ike  labia  ttaraga  ringt  paraaaacart.  aMaiatiua  aebiaved 
beam  Nfalima  -  T.  cakalalad  Kfetiam  —  ,  ditcrcpaacict 

batacea  ibaaa  Kfatiatca  -  AH  are  Ktccd. 
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1)  halftime,  8)  cmkuUted  wie,  8)  partial  fjUiBg,  4).5)  calculated  muaung  P>1 


Dependence  of  (J,.  O,.  O^,  on  current  1  hat  been  taken  into 
account  unng  the  beam  tiiea  t&terved  in  pretence  of  the  current 
subjected  to  estimation,  'ovided  that  such  dependence  was  found. 
For  SORTEC  and  TERA^  rings  the  formube  give  correct  results 
if  the  gaseous  model  it  applied.  We  bclive  that  P  can  be  properly 
changed  in  these  special  cases.  It  should  be  also  mentioned  that  for 
TERAS  calculated  lifetime  equal  to  only  the  eapected  one,  which 
five  timet  longer  the  achieved  values  if  a  residual  gat  wall 
desorption  is  suppressed.  In  many  eases  the  results  are  in 
accordance  with  previously  estimated  one  on  the  base  of  the 
Toutchek  scattering. 

The  discrepancies  between  the  experimental  and  calculated 
data  have  been  found  for  SuperACO,  SPEAR,  PEP  (IS  GeV), 
VEPP-4,  SPS-1,  DORIS,  CXA.  storage  rings.These  machines  were 
not  included  in  the  table.  About  fifteen  new  rings  were  not 
mentioned  because  of  shortage  in  the  presently  available  data  set. 

The  uncertainty  of  measurements  of  each  beam  sise  was 
evaluated  in  S%  rana.  The  mean  table  uncertainty  is  20%. 
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Abstract 

We  have  performed  a  simulation  study  on  beam  bunching 
in  the  KEK  2.5-GeV  linac  new  pre-injector  comprising  double 
prebunchers  and  a  buncher.  Dependence  of  the  bunching 
performance  upon  the  rf  powers  and  the  phases  of  the 
prebunchers  is  discussed.  We  obtained  an  optimum  bunch 
length  of  4  ps  with  the  simulation. 

I.  INTRODUCTION 

The  pre-injector  of  the  KEK  2.S-GeV  linac  was  upgraded 
in  the  summer  of  1992  [1].  The  bunching  system  was 
improved  in  order  to  accelerate  more  intense  electron  beams 
retpiiied  for  the  production  of  positions  for  the  KEK  B-factory 
[2].  which  is  imte  consideration  as  a  fuuire  project  of  KEK. 
A  short  bunch  is  essential  for  the  injection  efTiciency  to  the 
B-factory  ring,  since  the  bunch  length  of  the  electrons 
determines  that  of  the  positrons  and  it  set  the  limit  of  the 
narrowness  of  the  energy  spectrum.  Besides,  the  emittance 
degradation  by  the  transverse  wake-field  is  larger  for  a  longer 
bunch.  To  achieve  good  bunching  performance,  we  adopted  a 
system  comprising  double  prebunchers  and  a  buncher.  The 
system  was  designed  to  be  flexible;  the  rf  input  power  and  the 
relative  rf  accelerating  phase  of  each  buncher  are  independently 
tunable  for  optimum  bunching,  'fhe  parameters  of  the  system 
are  adjusted  according  to  the  change  of  the  beam  conditions 
such  as  the  currents  and  the  pulse  length.  The  dependence  of 
the  bunch  length  upon  the  relative  phases  and  the  rf  input 
powers  of  the  prebi^hers  is  studied  using  a  beam  dynamics 
simulation  code. 

II.  BUNCHING  SYSTEM 

In  bunching  an  intense  beam,  it  is  important  to  minimize 
the  effect  of  the  ddninching  due  to  space-charge  forces.  We 
thus  adtqited  a  system  of  double  prebunchers  and  a  buncher. 
The  first  prebuncher  (PBl)  provide  the  d-c  beam  from  the  gun 
with  the  velocity  modulation  and  the  beam  is  slightly 
bunched  in  the  drift  space  to  the  second  prebuncher  (PB2). 
The  rf  phase  for  PB2  is  adjusted  for  the  electrons  to  enter  PB2 
in  accelerating  phase,  causing  further  bunching  and 
acceleration  as  well.  The  debunching  of  the  beam  is 
significant  at  low  energy,  it  is  desirable  to  accelerate  the 
electrons  in  earlier  stage  of  the  bunching.  Acceleration  of  the 


electrons  by  PB2  before  entering  the  buncher  is  effective  for 
improving  the  bunching  performance.  The  electrons  are 
flnidly  bimched  in  the  strong  accelerating  field  of  the  buncher. 

A  schematic  diagram  of  the  system  is  shown  in  Figure  1. 
Parameters  of  the  bunchers  are  summarized  in  Table  1.  All 
three  bunchers  are  traveling-wave  structures  operated  in  the 
2ii/3  mode  of  2856  MHz.  An  array  of  the  Helmholu  coils 
encompasses  the  bunchers.  They  produce  a  uniform 
solenoidal  focusing  field  of  1.0  kG.  A  new  high-power 
attenuator-and-phase-shifter  system  is  used  for  the  in^pendent 
adjustment  of  Uie  rf  input  power  and  the  accelerating  rf  phase 
[3].  This  flexibility  of  the  bunching  system  is  expected  to 
enhance  the  ctq>ability  of  the  parameto'  tuning. 


Table  1 

Bunching  system  design  values 


Prebuncher  1  (PBl) 

maximum  field 

0.4  MV/m 

available  input  power 

0.1  MW 

cavity  number 

7 

cavity  size  D 

24.318  mm 

Prebuncher  2  (PB2) 

maximum  field 

2.0  MV/m 

available  input  power 

2.3  MW 

cavity  numto . 

5 

cavity  size  D 

24.318  mm 

Buncher 

maximum  field 

15  MV/m 

available  input  power 

13  MW 

cavity  number 

buncher  section 

6 

normal  section 

29 

cavity  size  D 

27.01  -  34.99  mm 

Fbcusing  magnetic  Held 

Helmholtz  coils 

1.0  kG 

We  have  estimated  the  performance  of  the  system  to  search 
for  the  optimum  values  for  these  operation  parameters  with 
the  simulation  code  PARMELA. 


III.  SIMULATION 

The  PARMELA  code  is  widely  used  for  designing 
bunching  systems  of  electron  linear  accelerators  [4].  In  this 
code,  an  electron  beam  is  represented  by  a  few  hundreds 


PBl  PB2  Buncher 

I  n  I  I  I  M  I  I  1 1  I  I  r  M  M  M  IT  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  M  I  M  I  I  i 

1 1 1 1 1 1 1 1  1 1 1 1 II  1 1 1  t  I  I  I  1  I  1  I  I  I  t  I  1  I  I  I  I  I  I  I  I  I  I . till 

170  "^1*  159  l42f* -  1203  (Units  in  mm)  ^ 


Figure.  1  Layout  of  the  flrst  and  second  prebuncher  and  the  buncher 
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C"3OOh<wrafcatilioii0ofiii«cro^^  TheyvetoMd 
to  camBetoivo  ttoM>siqpt  under  the  of  the 

deciiic  toe  focottog  mi^netic  nd 
toe  )9ice<har|e  loeces.  Efibcts  doe  to  toe  wake-fidd  to  the 
cnvite  am  not  token  into  accooitt.  As  an  initial  condition, 
theae  ntocraitorticles  were  toMimed  to  be  tostribiiied  landomly 
within  toe  specified  volume  to  the  4-dimtoiaional  transverse 
phaae  qiaoe.  The  toitial  transverse  r.m.s.  emittance  was 
tahBatobe7xaun.mrad.  to  the  lo^tudinal  diiection.  they 
have  a  ntofionn  tostribution  withto  the  range  correapondtog  to 
one  wave  length  PX  (■  73.Smm)  of  toe  2856  MHz  rf 
accelertoion.  whtoe  ^av/c.  Their  initial  energies  were  200 
keV.  AH  the  calculations  were  made  for  toe  beam  current  (rf 
4A. 

To  esttoiate  the  bonchii^  performance  of  our  double 
prebuncher  astern,  we  have  studied  toe  dqrendence  of  the 
bunch  Icngtos  upon  the  rf  parameters  toTPBl  and  PB2.  The 
toqtes  ai  toe  bimches  are  dq)endent  upon  these  parameters. 
In  certain  amditions.  bunches  have  very  irregular  forms  as 
shown  to  Rgure  4(a).  To  discuss  the  bunch  lengths  of  such 
tor^ulv  bunches,  FWHM's  or  r.m.s.  widths  are  not  suitable. 
Insimd,  we  used  a  fiactioo  of  the  particles  which  lie  to  the  rf 
phase  width  of  4  degrees  mound  the  peak  of  the  distribution 
(BundiCOte).  We  chose  this  criterion  because  the  optimum 
bunch  width  obtained  by  the  calculations  was  about  4  degree 
as  shown  later.  This  reflects  weU  not  only  the  toarimess  of 
the  bunch  shapes  but  the  extent  of  toe  taU  <v  sub-peaks, 
r^ardless  of  forms  of  the  bundles.  We,  therefore,  used  this 
criterion  as  an  index  evaluating  the  bunching  performance  to 
toe  fdlowtog  discussion. 

In  studying  the  dqiendence  of  the  bunching  perftmnance 
qpon  the  rf  parameters,  we  todc  high  and  low  field  cases  of 
PBl.  The  dqiendmce  iqion  the  rf  field  and  input  phase  of 
PB2  was  mainly  studied  with  those  of  toe  buncher  fixed. 
Tbble  2  gives  the  range  of  toe  rf  fields  varied  to  toe 
calculations. 

Table  2 

Ranaeoftoerffidds _ 

PBl  0.1S,  0.40  MVAn 

PB2  0.1 -2.5  MV/m 

Buncher _ 15  MV/m _ 


IV.  RESULTS  &  DISCUSSION 

The  tomchtog  performance  is  dependent  not  only  on  the 
electric  fidd  of  the  {xebunchers  but  also  their  relative  phases. 
The  effect  of  their  electric  fields  was  studied  first  The  rdative 
rf  itoase  of  PB2  to  that  of  rei  was  fixed,  such  as  the  incident 
phase  at  PB2  to  be  30  degrees  for  the  reference  partide  which 
was  at  the  zoo  phase  to  PBl.  The  incident  phase  at  toe 
buncher  was  also  fixed  to  50  degrees  in  the  case  that  the  field 
of  PB2  is  2X)  MV/to.  Figure  2  shows  the  dqiendence  of  toe 
bunching  performance  upon  toe  electric  fidd  of  PB2.  It  was 
evaluaied  with  the  index  defined  in  toe  previous  section. 

It  can  be  shown  that  the  better  perfomance  is  obtained  ftx’ 
the  wedcer  field  (0.15  MVAn)  of  PBl  to  toe  whole  range  to 
Hgure  2.  The  optoum  value  of  the  electric  field  of  PB2  is 
2.0  MV/in  for  boto  cases. 


Hgure  2.  Dqiendence  of  the  bunching  performance  iqion  the 
electric  fidd  of  PB2. 

Concerning  the  bunching  porfocmance  iqxm  the  phase  of 
PB2,  we  have  studied  for  the  cases  of  PB2's  fields  of  If)  and 
2.0  MV/to  (Rgure  3).  The  relative  phase  of  the  buncher  to 
that  of  PB 1  was  not  changed. 


Hiaae  of  PB2  (degree) 

Figure  3.  Dependence  of  toe  bunching  perfomumce  upon  toe 
rf  phase  of  PB2. 

For  toe  weaker  field  (0.15  MV/m)  of  PBl,  toe  good 
performances  are  obtained  for  toe  wide  range  of  tte  phase  of 
PB2.  The  range  is  narrower  for  the  strcrngo’  field  (0.40 
MV/m)  of  PBl  and  toe  two-peak  structures  of  the  buiiches 
were  ^served  for  toe  conditions  a  little  away  from  the 
optimum  value  as  shown  to  Figure  4  (a).  The  similar 
structures  were  also  observed  to  experiments  as  shown  to 
Figure  4  (b).  The  structure  is  believed  to  be  caused  by  the 
over-bunching  due  to  the  excessive  field  of  TOl. 

With  the  qitimum  condition  obtained  for  the  stronger  fidd 
of  PBl,  toe  two  peaks  are  expected  to  be  coalesced. 
Calculated  trajectories  f<y  this  case  are  riiown  to  Kgnre  5.  It 
shows  that  toe  two  sub-bunches,  formed  by  toe  over¬ 
bunching,  coalesce  in  such  a  particular  phase  relation  that  the 
preceding  sub-bunch  is  decderated  while  the  subsequent  sub¬ 
bunch  is  accdmted  to  the  rf  field  of  PB2.  The  dis^ttouity 
of  toe  trajectories  shown  to  the  figure  is  because  toe  positions 


3706 


vi  Hi  pVQjHIl  Hi  VQHHBB  WHII  IhO  HBvBQPM  H  IMp  I* 

plNin of Mdilmaeiwr.  Hq^ tte oonditiQB fivos •  food 
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Distance  from  PBl  Entrance  (cm) 

Rfure  6.  Typical  tnyectotks  for  the  opdraum  condition 
with  the  field  of0.1SMV/iniforPBl. 


Rgon  4.  BnocheiwiditwoiieakstnictnrBbydie 

calcidaiian  (a)  and  tqr  die  tneasumnent  (b)  [S]. 


rat  PB2  Bunoher 


Figure  S.  Typical  liitl^lories  for  the  optimum  condition 
with  the  field  of  a4  MV/lm  for  PBl. 


For  the  tqitimom  condition  for  the  weaker  field  (0.15 
MVAn)  of  rai,  calculated  trujectories  are  ahown  in  Figure  6. 
Thia  ofNimum  btmching  lesu^  from  the  moderate  bunching 
by  PBl  and  the  fitrdier  bunching  by  PB2  and  the  buncher. 
llie  bncb  afaqte  with  this  coodition  is  shown  in  Figure  7. 
The  FWHM  bimh  width  is  estimated  to  be  about  4  degrees, 
which  cone^wnding  to  die  time  duration  of  4  ps. 

V.  SUMMARY 

We  have  studM  the  bunching  performances  of  our  new 
bunching  system  with  the  simulation  code  PARMELA.  The 
bunch  lem^  of  4  ps  is  obtained  as  a  preliminary  optimum 
value.  Fiffther  extensive  optimization  of  the  parameters  with 
the  simolatkHi  will  be  p^ormed.  The  effects  due  to  the 
longitudinal  wake-field  will  be  included  dime.  The 
eiqpietiniental  studies  measuring  die  bunch  length  with  the 
optical  transitioo  radiation  monitor  [5]  will  also  be  performed. 


Phase  (degree) 


Figure  7.  Bunch  shape  calculated  for  the  optimum  conddon 
with  the  field  of  0.15  MVytn  for  PBl. 
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AbMract 

Sevosl  hypotheses  have  been  proposed  to  explain 
bunched  beam  insuMUties  unda  incieasiag  iaieasity.  In  tact, 
die  cause  of  these  instabilities  csn  be  used  to  geoetaie  a  very 
lugh  (piaUty  beam.  Total  coherent  synchrotron  ladiatkn  brings 
die  bunches  to  {dasma  density  by  self-consistem  siqietcodtng 
in  the  three  bunch  dimensions  i.e.  by  reduction  of  cnerfy 
disposioo.  Maximal  density  and  minimal  residual  instabilities 
can  be  controled  by  feedback  loops.  Thm.  more  efficioit 
machines  can  be  made  availabie,  opening  new  possibilities  ni 
many  fields. 

I.  INTRODUCTION 

In  bunched  beam  instabilities,  if  "practice''  agrees  with 
"theory"  within  some  limits,  there  is  divergence  outside.  The 
cause  of  these  instabilities  can  be  used  to  transform  this 
"natural"  disavantage  into  a  mean  to  generate  a  very  high 
quality  beam  [1], 

A  qiccific  exam^  for  a  lepton  ring  is  given  below. 

n.  BUNCH  "LENGHTENING" 

First,  let  us  assume  that  there  is  an  unique  bunch  in  the 
ring  vacuum  cluanba.  This  bunch  is  not  pertubed  by  any  odia 
accelerating  vcdtage  than  the  monopole  generated  by  the  main 
RF  cavity  without  hi^Kr  multipole  modes.  Below  the  beam 
current  threshold,  where  instabilities  appear,  classical  beam 
dynamic  studies  give  gaussian  diqie  for  the  tlnee  dimensions 
and  for  particle  energy  which  depends  only  on  ring 
characteristics.  No  otha  instabflity  than  synchrotron  radiation 
noise  can  be  given  if  Robinson  criterion  is  satisfied.  Let  us 
now  place  an  otha  ideal  cavity  in  the  ring.  The  choice  of  the 
frequency  of  die  accelerating  monopole  is  close  to  the  cutoff 
the  vacuum  chamba  and  the  harmonic  nnmba  (rf  the  rotation 
frequency  conteqxxids  to  the  inverse  of  the  bunch-length  before 
the  effect  of  the  new  cavity.  The  field  produced  by  the 
circulating  beam  excites  this  cavity  and  then,  if  Q  and  the 
shunt  impedance  are  sufficient,  at  the  new  turn,  the  composit 
accdoating  voltage  seen  by  particles  leads  to  a  different 
longitudinal  sluqie  of  the  bunch.  In  otha  words,  the  second 
cavity  is  a  passive  or  idle  cavity.  By  self-consistent  effect,  the 


bunch  can  qlit  iqi  into  microbuncbes  (MB)  partially  ot 
totally.  Thtt  effect  dqieads  on  the  bimcb  density  and 
becomes  strain  at  low  energy  of  the  ring.  It  is  boosted  by 
the  odMT  effBcts  described  in  the  CoBowiag  section.  AO  MB  do 
not  have  the  same  density.  The  bunch  length  average  density 
appeal  identical  afla  and  before  die  instaHation  of  the  new 
accelentiag  cavity. 

If  we  inject  into  the  rmg  more  particles,  two  opposit 
forces  act  in  concert  on  one  hand,  die  mam  RF  vdtage  brings 
the  new  partictes  to  the  same  jdace,  and  on  the  odia  hand,  for 
each  injected  partide,  preexistent  MB  contaiaed  in  die  micro- 
buckets  becomes  like  a  macroparticle  whose  Coulomb  force 
prevents  new  particles  to  go  into  these  buckets.  They  go 
prdereniialy  into  the  nearest  empty  buckets.  This  is  sufficknt 
to  explain  the  obsoved  "lengthening"  of  the  bundi.  eqmciaDy 
if  we  do  not  have  an  qiparatus  of  sufficient  bandwi^  to 
observe  the  micro-temporal  structure. 

Usually,  for  one  acceloating  vtdtage,  the  synchrotron 
oscillating  coupled  mode  numba  is  equal  to  the  numba  of 
biaiches,  but  for  only  one  frequency  of  synchrooon  oscillation. 
With  two  accelerating  cavities,  the  synchrotron  oscillation 
frequencies  are  not  identical  for  the  different  MB  [2].  Anodia 
reason  jumUes  iq>  explanaion  of  the  phenomenon:  groups  of 
MB  have  one  more  mode  of  synchrotron  oscillation  which 
depends  on  die  main  RF  vdiage  and  is  nea  the  fitequency 
oscillation  given  by  the  main  RF  vdtage  alone.  If  the  second 
high  frequency  cavity  is  tuned  to  die  first,  in  orda  to  fulfil 
Robinson's  criterion  for  two  cavities  [3],  the  MB  oe  staUe.  If 
not,  MB  are  unstiriile  and  can  strongly  be  subjected  to  nmki- 
mode  synchrotron  oscillations.  As  shown  in  Figure  1.  this 
depends  on  the  second  RF  voltage  and  therefore  on  the  beam 
current  This  exidains  the  discrete  and  multiple  kmgitudiiial 
oscillations  mesured  in  two  rings  of  very  different  sizes  [4,5]. 
When  the  beam  current  increases,  the  synchrotron  oscillation 
frequency  of  a  few  MB  goes  to  the  same  value.  Thus,  these 
MB  can  have  strongly  coupled  oscillations  and  therrfore  diey 
disappea  above  a  new  current  threshold.  When  the  MB 
oscillate  with  strong  anqditude  at  the  synchrotron  oscillOion 
frequency,  giving  a  Inoad  FM  swing  modulokm,  didr  fidds 
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cut  excite  die  aearest  tuaevene  modes  and  then  prodiKe 
tnmsverae  instabiKties,  the  later  leading  to  total  loss  of  the 
concemed  MB.  When  raaltimode  syncluotron  oacillatioos  are 
present  whhout  beam  lost,  tt  the  same  current  dueshold,  the 
beam  shows  bimch  "lengthening*  and  qiparau  widenii^  of 
energy  dispersion  [6].  In  sununary.  the  proceeding  explanatians 
are  sufficient  to  acooum  for  the  bunched  beam  "lengthening* 
and  the  instabilities  which  come  with  it  But  in  reality,  this 
leads  to  a  self  consistent  shortening! 

Among  the  superior  accderming  modes  of  the  main  cavity 
or  open  accelerating  structure  like  multiflanges  or  winding 
corrugations  between  two  pipes  [7],  one  single  mode  can 
emerge  owing  to  a  sdf-consistent  effect  if  its  frequency  is  at 
the  rotation  frequency  harmonic  or  is  near  to  it,  and  has  the 
highest  Q  and  the  highest  shunt  impedance.  Then,  the  oth^ 
mo^  can  no  more  be  excited  because  the  spectral  field 
changes  and  many  harmonics  disappear.  If  we  can  adjust  the 
frequency,  amplitude  and  phase  in  accordance  with  the  main 
RF  cavity,  MB  become  suble.  The  later  has  important 
concequences,  as  seen  below. 

m.  COHERENT  BEAMS 

The  harmonic  oscUlating  fields  produced  by  the  MB  are 
coherent  below  a  bordniine  frequency  corresponding  to  the 
inverse  of  the  temporal  MB  length.  The  oscillating  fields 
propagate  into  the  beam<pipc  beyond  its  cutoff  frequency.  As  a 
concequence,  the  self  micro-bunching  can  be  very  strong  and 
the  micro-bunching  length  very  short 

Four  phenomena  act  together  on  the  beam. 

In  the  bending  magnet,  since  the  orbit  is  curved,  two  new 
favorMe  consequences  arise : 

An  eidiancement  of  coherent  synchrotron  radiations  takes 
place  at  all  harmonics  of  the  rotation  frequency  until  the 
inverse  of  the  MB  length  is  reached.  The  radiation  intensities 
have  a  quadratic  dq^ndence  on  the  number  of  particles  in  the 
MB  [8]. 

1)  Fbr  a  beam  tdmve  the  ring  transition  energy,  the  trailing 
particles  are  those  with  the  highest  energy.  They  emit  more 
energy,  and  this  energy  is  provided  to  the  leading  particles  in 
the  same  MB.  The  particles  are  moving  on  the  arc  of  circle  and 
the  emitted  energy  following  the  cord  path.  In  other  wmds,  a 
stimulated  absmption  for  the  leading  particles  is  present.  A 
new  gradual  mid  strong  shortening  appears  for  every  MB. 

2)  Because  of  the  coherent  synchrotron  radiations,  the 
beam  quickly  reaches  the  point  of  zero  energy  dispersion.  The 


noiae  due  to  incoherent  aynduotron  raihatioas  diaappean. 

On  straight  line ,  two  other  phenomaia  an  present: 

3)  When  each  MB  shortens,  it  frdlows  the  prapi^Bting 
azimutal  electric  fields  and  it  lags  behind  the  crest  of  the 
electric  field.  A  pvticle  in  front  of  the  MB  acquires  more 
energy  than  the  one  at  the  back.  This  is  valid  for  particles 
above  the  ting  transition  energy  [9,10]  and  the  complex 
electric  field  is  equivalent  to  die  aooelexating  vrdtage  given  by 
multiple  cavities  at  every  harmonic  frequency. 

4)  Particles  widi  higher  energy  go  faster  than  those  with 
less  energy;  diis  phenomenon  has  the  same  effect  than  diat 
given  by  optical  klysiron  in  a  FEL  mid  acts  in  agreement  widi 
the  above  effect  This  is  valid  only  if  the  MB  becomes  very 
short 

Additional  effects : 

-  The  dynamic  reduction  of  enagy  disperskm  and  of  particle 
momentum  lead  to  cumulative  effects  at  each  turn,  and  turn 
after  turn. 

-  By  synchrotron-betatron  effect,  the  transverse  dimensions 
teach  zero. 

-  The  beam  quality  limit  dqimids  on  the  perfect  agreement  of 
die  couples  of  relative  vintages  and  phases  of  one  accderating 
cavity  10  die  next  one,  i.e.  correct  tune  of  both  cavities. 

-  A  very  fast  self-consistent  siqieroording  in  the  three  bunch 
dimensions  is  obtained  and  may  thus  conduct  to  plasma 
density.  Raman  radiations  rqdace  Compton  radiations.  Strong 
siqierradiant  effect  can  arise  [1 1]. 

•  We  observed  once  coherent  synchrotron  radiations  in  visiMe 
light  in  the  ACO  ring,  under  particularly  favorable 
circumstances.  Meanwhile,  Toocbek  and  beam-beam  ^fects 
were  also  strongly  modified.  The  large  q>e*iii>v  of  the  vacimm 
chamber  (1 S  cm  by  6.S  cm)  and  the  low  radios  of  die  curvature 
in  the  bending  magnet  (1.1  m)  of  this  small  ring  give  a 
wavelength  cutoff  of  3.2  cm,  according  lo  the  rale  formula, 

Eq.  1  ir  [12].  This  can  explain,  when  the  micro  strotures  [13] 
become  stdile,  all  the  beneficient  effects  observed  in  ACO. 

Consequences : 

The  particles  have  the  same  energy;  the  beam  has  very  low 
longitudinal  and  transversal  dimensions;  the  emittance  is  also 
very  low;  the  Touchdc  effect  disappears;  beam-beam  effect  abo 
disappears,  and  as  a  result,  luminosity  becomes  very  high;  die 
multiple  waves  of  synchrotron  radiation  light  are  coherent 
harmonics  of  the  rotation  frequency;  the  synchrotron  beam 
light  is  enhanced  by  the  numbm’  of  pmticles  in  MB  and  totally 
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IV.  CONCLUSION 

AB  fmal  piMide  aceNmian  OQ«d  te  iii^^ 
flvMMellkioatmKbteeiwUiQBly  iMdentB 

Tb«  ««qr  klgli  bcMi  qnattty  feoerated  by  these 
ippoiwuBti  would  leailio  new  oalcoines  in  wMiy  fields. 
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Evolution  of  Iheconqilex  sqparatrix  for  two  significant  values  of  the  second  RF  volume . 

BoA  in  F!g.la,  where  (»b0.5  and  Rg.lb.  where  oi»l,  we  have  V2=  oV  1 ,  h2sl0  hi,  hi«2 ,  Al^’dO*  ♦2*>t.  h,  cotreqiooding  a> 
the  hannonic  of  the  rotation  fitquency  and  40  to  Ae  energy  loss  for  one  cavity  with  eV  sin  4o  *  AEy.  Separation  betweon  the 
two  cawiQr  finequencles  has  been  limited  for  a  clear  view.  According  to  these  curves,  it  is  evident  that  the  diffeient  possible 
synchsQiron  osciDaiions  would  be  more  and  more  complicated  if  the  harmonic  of  the  second  cavity  is  very  high.  They  are  often 
hrieipreied  as  bundi  nuihqmle  turbulences  by  many  machine  specialists. 
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Abstract 

The  tesuhs  of  extensive  investigation  beam  dynamics 
with  high  cunent  in  BEP  booster  are  presented.  Strong 
bunch  Iragthening  due  to  the  potential  well  distortion  by 
the  inductive  impedance  was  observed  on  the  background 
of  the  multiple  intrabeam  scattering  and  of  the  ion  accu¬ 
mulation  (in  the  e~  beam).  The  octupde  and  sextupole 
corrections  enabled  centred  of  collective  damping  of  the 
head-tail  modes.  Fast  damping  is  also  observed  at  sero 
chreunatkity,  this  is  attributed  to  the  iigection  kickers  act¬ 
ing  as  transmission  lines.  The  proper  tuning  of  the  non¬ 
linearity  corrections  cures  the  transverse  instabilities  and 
enables  capability  to  store  up  to  0.8A  current  in  a  single 
bunch. 


I.  Introduction 

The  electron  and  positron  accumulator  ring  BEP  is  re¬ 
cently  built  to  upgrade  performance  of  the  e'*‘e~  collider 
VEPP-2M  [1].  Electrons  and  positrons  are  accumulated 
alternately  at  the  energy  of  120  MeV.  The  injection  rep¬ 
etition  rate  is  0.7  Hx,  the  machine  is  capable  to  capture 
150  ftA  (O.TS'lO*)  of  positrons  and  150  mA  of  electrons  in 
a  single-turn  ipjection.  The  maximum  accumulated  cur¬ 
rents  ate  0.2  A  of  positrons  and  0.8  A  of  electrons. 

Energy  ramping  time  in  BEP  is  about  8  s,  its  lower  limit  is 
mostly  due  to  the  effect  of  eddy-currents  in  the  aluminum 
beam  pipe.  The  maximum  energy  achieved  is  775  MeV, 
and  its  upper  limit  currently  results  from  shifting  of  the 
vertical  betatron  tune  down  to  the  integer  resonance,  while 
the  available  gradient  correction  strength  is  insufficient  to 
oppose  this  tuneshift  during  the  ramp. 

The  beam  parameters  were  measured  at  the  energies  of 
120,  360  and  510  MeV. 


II.  Beam  Parameter 
Measurement  Techniques 

For  measurement  of  both  transverse  and  longitudinal 
bunch  dimennons  we  used  the  system  of  optical  dissec¬ 
tors,  as  described  in  [2].  The  resolution  of  the  longitudinal 
dissector  was  ~  2  cm,  while  the  transverse  dissector  gave 
0.25  mm.  In  a  series  of  measurements  we  also  imaged  the 
beam  onto  a  CCD  matrix,  and  obtained  the  same  trans¬ 
verse  resolution,  which  resulted  from  the  realistic  quality  of 
the  available  mirror,  window  and  lens  optics,  rather  than 
from  the  inuge-scanning  device. 

Indirect  measuronents  of  the  vertical  beam  sise  below 
that  resolution  were  enabled  by  monitoring  of  the  parti¬ 
cle  loss  rate  (from  intra-beam  scattering),  which  was  per¬ 
formed  with  the  scintillation  counter  and  resulted  in  ~  60 
fan  of  the  vertical  beam  sise  FWHM  at  the  energy  of  510 
MeV.  The  count  rate  was  calibrated  against  the  vertical 
beam  sise  directly  measured  with  the  dissector,  when  the 
machine  was  (^>erated  at  the  betatron  coupling  resonance, 
and  the  dissector  could  reliably  resolve  the  enhanced  beam 
haght.  Direct  measurement  of  the  beam  energy  spread  is 
described  in  [2]. 

III.  Dynamic  Aperture  Study 

The  correct  choice  of  the  machine  operating  pmnt  is  im¬ 
portant  for  accumulation  of  intense  beams.  Due  to  low  ra¬ 
diative  damping  at  iqjection  (r«  ~  Is)  the  particle  motion 
is  subject  to  influence  of  weak  non-linear  resonances,  even 
those  of  the  6th  order  and  above.  Fig.  1  shows  the  positron 
beam  capture  efficiency  as  a  function  of  the  operating 
point.  The  iqjected  positron  beam  has  a  large  transverse 
emittance,  so  it  is  suitable  for  testing  the  dynamic  aper¬ 
ture.  The  design  operating  point  of  i/g  =  3.18,  Vg  =  3.61 
proved  to  be  bad  because  of  the  neighbouring  strong  sum 
coupling  resonances. 

Changing  the  lattice  for  Vg  =  3.2,  (/«  =  3.45  resulted 
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Kgim  1:  PtwitioD  beam  captive  efficieacy. 

ia  e^paivlity  to  uae  fvaettcdjr  whole  beam  rtay  clear  auea 
of  the  vaeiiiim  Camber.  FVv  thk  lattice  the  horiaontal 
iigection  kicker  pube  laata  datiag  two  turaa  and  aervee  as 
a  pie>kicker  at  once.  The  lattice  with  v,  =  3.27  also 
provides  for  a  large  dynamic  aperture,  however  it  requites 
a  separate  pre-kicker  (which  is  also  inataUed  in  BEP). 

Scanning  of  the  operating  point  in  a  wider  range  d^on- 
strated  rdativdy  sale  iteration  cloady  to  the  integer  reso¬ 
nances  3,  and  revealed  wide  stqpbands  sivrounding 
the  resonances  4.  The  latter  cmnbine  the  effect  of  in¬ 
teger  resonances  with  the  non-linear  12/3  ones,  which  are 
enhanced  in  the  12-fbld  aymmetry  of  the  machine  lattice. 

IV.  Ion  Accumulation  in  BEP 

Beam 

The  positive  ion  accumulatimi  in  the  electron  beam  of  the 
BEP  storage  ring  was  mostly  pronounced  during  th.:  first 
days  of  the  machine  commiMoning,  resulting  in  the  stored 
curroit  limitation  at  a  few  milBamp  level  with  the  subse¬ 
quent  shift  oi  this  limit  up  to  doiais  of  miUiamps.  With 
an  upgrade  the  vacuum  in  the  machine  due  to  cleaning 
the  vacuum  pipe  walls  by  irradiation  with  the  synchrotrmi 
light,  the  current  limitation  was  no  more  imposed  by  the 
kms,  other  reascms  were  predominant,  as  outlined  above. 
However,  Um  presence  of  a  small  positive  ion  concentration 
in  the  dectron  beam  trace  can  be  detected  even  after  a 
three-year  period  of  practically  continuous  operation  with 
the  average  ivessute  of  ~  10~*Po. 

Fig.  2  shows  the  vertical  beam  rises  for  electrons  and 
poritrmis  as  functions  of  the  operating  p<rat  v,.  The 
poritnm  curve  responds  to  the  sum  and  difference  reso¬ 
nances  only,  while  the  electrim  curve  exhibits  numerous 
one-dimearional  resmances,  whidi  have  a  natural  expla¬ 
nation  in  the  framewwk  the  km  accumulation  hypoth¬ 
esis.  With  the  currrat  ramping  tlm  vertical  beam  rise 
the  dectrmi  bunch  grows  mudi  stronger  than  the  positron 
beam  sise,  the  latter  scales  as  due  to  the  multiple 
intrabeam  scattering  effect.  Above  300  mA  the  vertical 
beam  rise  shrinks  (see  Fig.  3)  that  is  likely  to  result  from 
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Figure  2:  Vertical  beam  sises  for  electrons  and  positrons. 
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Figure  3:  Current  dependence  of  vertical  beam  sise. 

ion  rtgection  out  ot  the  beam  because  of  tresqiassing  the 
ion  stability  limit.  This  threshdd  current  value  agrees  with 
the  assumptkm  that  single  charge  Ar*  or  CO}  molecules 
dominate  in  the  ion  contents. 

The  effect  of  ion  rejection  from  the  beam  can  also  be 
observed  when  the  resonance  excitation  of  the  vertical  be¬ 
tatron  oscillations  is  switched  on  with  a  certain  small  tune 
offset  with  reflect  to  the  exact  resonance  tune. 

The  estimate  for  the  degree  of  the  beam  space  charge 
compensation  of  ~  5  •  10~’  at  20  mA  current  has  been 
obtained  from  the  measured  coherent  tuneshift  of  ~  2-10~^ 
at  the  injection  energy  of  120  MeV.  This  corresponds  to 
the  ion  Ar*  partial  pressure  of  6  •  10~^  Pa.  At  the  energy 
of  510  MeV  we  did  not  observe  any  effect  from  ions  on  the 
bram  dynamics. 

V.  Current  Dependence  of 
Bunch  Dimensions  in  BEP 

Experimental  data  on  the  current-dependent  bunch  dimen¬ 
sions  in  BEP  at  the  energy  of  360  MeV  are  presented  in 
Fig.  4.  We  saw,  that: 

a)  with  ramping  the  current  the  longitudinal  bunch  profile 
was  observed  to  devii^  from  the  Gaussian  and  to  approach 
the  parabolic  sbiq>e  (Fig.  5); 

b)  the  bunch  length  scaled  as  the  1/3  power  of  the  beam 
current,  while  the  beam  energy  spread  scaled  as  the  cur¬ 
rent  to  the  1/6  power  (Fig.  4),  the  latter  dependence  was 


)(t.X2  (MM)  ^  (CM)  OE/E  (s) 


Figuie  4:  Cvmnt  dependencies  of  total  horiaontal  sise  A’l, 
betatron  aise  X2,  beam  enogy  spread  DE/E  and  bunch 
length  (FWHM)  A;  the  curves  are  7*^*  and  7*^^  fits  to  the 
mesured  data. 


due  to  the  nndtiple  intrabeam  seattcring  effect  (IBS); 

c)  the  bunch  equilibrium  phase  shift  was  small  (practically 
undetectable); 

d)  the  syndirotron  tune  shift  with  current  was  small 
(~  10%  at  300mA)  if  measured  with  the  coherent  exci¬ 
tation,  but  the  /srye  tacsherenf  tune$kift  was  obsoved  by 
a  special  technique  [3]  and  proved  to  be  in  agreement  with 
the  longitudinal  potential  well  flattening; 

e)  the  longitudinal  bunch  rise  was  independoat  of  the  rev- 
otution  frequency  diqdacement  and  insensitive  to  the  po> 
ritkm  of  the  cavity  higher  order  modes*  tuners  {tipvt  from 
narrow  bands  where  we  had  coherent  longitudinal  instabil¬ 
ities),  so  the  multi-turn  wakes  were  ruled  out. 

All  this  is  consistent  with  the  assumption  of  the  static 
bundi  lengthening  doe  to  the  lonptudinal  potential  dis¬ 
torted  by  the  inductive  wake.  For  a  quantitative  analysis 
we  used  the  Haisrinski  equation,  and  the  inductance  value 
deduced  from  these  measurements  was  about  50  cm.  The 
incoherent  synchrotron  tuneshift  resulting  from  the  lon¬ 
gitudinal  well  flattoiing  was  measured  for  currents  up  to 
470  tna.  Hie  data  agree  with  the  bunchlength  behavior. 
Hie  data  taken  at  the  iqjection  energy  of  120  MeV  showed 
that: 

a)  the  bunch  length  below  ~  lOmA  currents  follows  the 

relation,  t.e.  this  lengthening  results  from  IBS  ; 

b)  at  the  currents  of  >  150mA  that  slow  energy  spread 
blow-up  due  to  IBS  is  negligible,  and  the  bundi  length 
scales  with  the  beam  current  as 

The  collective  damping  rates  a  7  were  measured  (3]  using 
the  blinded  PMT  technique.  At  positive  chromaticity  the 
damping  rate  was  prrqxwtional  to  its  value.  However  at 
aero  diromaticity  the  collective  damping  did  not  vanish  at 
BEP,  one  should  set  dv/dlnj  =  —0.3  to  eliminate  the  ef¬ 
fect.  At  sero  chromaticities  it  is  due  to  the  x*  terms  in  the 


Figure  5:  Evolution  oi  the  bunch  longitudinal  profile  with 
current;  solid  line  -  the  prdiles  from  the  dissector;  dashed 
lines  are  the  Gaussians  with  the  same  height  and  same 
FWHM. 


transverse  wake,  resulting  from  the  two  injection  kidnts 
which  are  the  transmisrion  lines  in  their  design.  The  reli¬ 
able  evidence  for  this  was  given  by  the  two-fold  reduction  of 
the  measured  damping  rates  resulting  from  the  eliminatioo 
of  one  of  the  two  kkkers  by  a  special  mechanism  envisaged 
in  its  design:  the  transmission  line  was  grounded  over  its 
total  length.  This  fast  damping  proved  to  be  mdependent 
oi  the  bunch  length  and  the  betatrmi  tune. 

At  the  energy  of  510  MeV  the  measurements  of  transverse 
beam  emittances  gave  2.5  •  10~*  cm>rad  for  the  vertical 
emittance  and  6  •  lO"*  cm-rad,  which  fairly  well  agree  with 
their  design  values. 
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Abstract 


The  tnMMwene  and  kmgitadiiial  coapling  impedeaeee  of 
•xial  aynunetric  feometriee  with  an  arbitrary  numba  of 
etoH  eectioa  jampe  are  calculated.  Field  matching  with 
teeofmaliied  wave  araplitudee  is  applied  at  planea  r  =  Zn- 
Hie  leaolting  linear  equations  are  ^ved  straightforward, 
leading  to  good  nomerkal  stability.  The  Dirac<like  pulses 
of  the  impedances  bdow  cut><^  or  of  structures  with 
tri^pped  inodes  are  avoided  unng  a  complex  permittiv¬ 
ity.  Numerical  results  are  presented  for  a  sample  detuned 
structure  with  more  than  400  different  radii. 


m.  The  excitation 

The  moving  charge  represents  a  current  density 

itAm"*]. 

+0O 

/(f)  =  ?«  =  «,  j  J(«)e+j^  du  = 

-GO 

«aa  HhasO 


L  Introduction 

The  structure  under  conaderatkm  is  a  beam  pipe  with 
an  arbitrary  numba  of  diffnent  cross  section  jumps.  Par¬ 
allel  to  the  axis  a  charge  Q  travels  with  a  constant  velodty 
V  =:  This  charge  exdtes  a  field  that  is  scattered  by 

the  inhomogeneous  boundary.  The  scattned  field  acts  on 
a  test  charge  following  behind  the  exciting  charge. 

In  this  p^ter,  the  Fourier  transformed  field  is  expanded 
in  (»thogonal  functions,  each  a  solution  of  Maxwelb  equa¬ 
tions.  The  ccmtinuity  and  boundary  conditions  at  the 
planes  of  the  cross  sectkm  jumps  are  fulfilled  by  nuxle 
matching.  The  mode  matching  is  iqiplied  at  all  cross  sec¬ 
tion  jumps  simultaneously,  leading  to  a  single  linear  system 

equatfons.  The  effect  of  the  scattered  field  is  eq;>ieeeed 
in  tcxms  of  coupling  impedances. 

In  previous  studies[2]..[l9,  similar  problems  were  exam¬ 
ined.  In  no  aiimuthal  dependence  was  allowed.  In  [3] 
the  aiimuthal  dependence  m  =  1  was  ccMuddered,  but  with 
other  expansion  functions.  In  [4]  a  similar  problem  with 
aamuthal  dependmce,  but  withwt  a  current  was  calcu¬ 
lated  using  scattering  malices.  In  an  even  more  gen¬ 
eral  problem  is  ccmsidered,  where  there  are  jumps  also  in 
the  ^-directkm  and  with  TEM-waves  in  coaxial  segments. 
Their  calculatkm  also  uses  scattering  matrices. 

IL  Greometiy 

Ckmiidet  an  infinitely  long  beam  pipe 
with  N  cross  section  jumps.  The  jumps 
lie  in  the  jdanes  *=:*».  n=0..1V-l.  The  IT"!!  U 
charge  traveb  at  a  distance  off 
axis,  at  the  aiimuthal  ao|^  ^0.  II  II  n 

Inside  the  cylinder  p  —  p,  is  the  area  outside  the  area 
Left  the  plane  Xn  i*  the  area  with  radius  r„, 
ri^  of  it  the  area  with  radius  r„4.i . 


In  the  following  only  the  Fmirier  transformed  mtities  and 
only  the  component  of  the  Fouria  series  ate  ccand- 
ered. 

TV.  Field  representation 
Hie  tangential  fields  in  the  n***  area  An  at  the  plane 
z  =  Zn  sn  r^ieaented  by 


Cm  X  jfftn  * 


-jw 


^M^  = 


+  &  X 

Jw 

+^AjmUm,,p/rn)^  COB(m^) 
p  “V 

--«v^>^m(i^,p/r„)8in(mv>) 

TX  €  {TM,  TE) 

CX/e+«« 

y/u^Pn£n-pSf^ 


,0 


The  exponential  factors  are  chosen  to  be  one  at  the  planes 
z  =  Zn  and  in  magnitude  less  or  equal  one  in  the  areas  An. 
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TV  aooree  Saids  aie  lepnsnated  by; 

{^S^i*n^0»)«»(»»V)  +  «»(«V)| 

(abbnvUtioui:  7  =  1/v^l  -  1//J*;  a  Ot  =  ^): 
/?<»)(/»)  = 

Hie  amplitudes  A,  B  of  the  source  Selds  are  given  trough 


/-4«f)  4(c,)  >;;«,)  \ 

(  ~dfniCt)  dmlCi)  Im(Cf)  J 

\  0  /m(C«)  ym(C«)  / 

U*v 

( _ - Q 


V.  Mode  Matching 


At  the  common  boundary  of  two  areas  An,  An^-i,  the 
tangential  Selds  have  to  be  continuous.  At  the  metallic 
walls  the  tangential  £-6eld  must  vanish: 
r,  =  mm(r«,rn+i);  r,  =  max(r„,r„+i) 

Htn(Zn)  =  0  <  p  <  r, 

—  ^l,n+x(*n)!  0  <  p  <  r, 

EuM  =  0  r,<p<r, 

Expansion  of  the  continuity*  and  boundary  conditions  on 
the  tangential  components  yields  a  linear  system  of  equa¬ 
tions  for  the  unknown 

i€{l  •  «)};  TX€{TM,TE} 

r,  =  miii(r„, Tb+i);  r,  =  max(r„, r„+a); 

^  /  r  [«»  X  pdpdv>  = 

Pn  Jo  Jo 

/  r  [e*  X  St,n+i]f^^  P  dp  d<p 
Pn+1  Jo  Jo 

a»  r,  2w  r,+t 

J  J  EtnF^^  p  dp  dip  =  j  J  Et,n+iFjl^  P  dp  dip 

00  00 

The  occurring  integrals  /  f  pdpdtp  can  be  eval¬ 

uated  in  closed  form.  Sorting  the  equations  yields  a  linear 
system  for  the  unknown  ,  Dn/^ : 

/<?.  \ 

(  LC"  LD"  RC:'  RD"  i>.  1  _  / 

^  Lc:  LD!  Rc:  RD:  )  <?.+,  |  ~  y 

d»+i  / 


The  matrices  LC^.LDf  ccHne  from  the  expansion  the 
source  free  lf-6eld  in  the  area  at  the  plane  z  =  Zn 
(left  of  it),  the  matrices  RC* ,  Rl^  from  the  source  free 
Seld  in  the  (n  -1-  1)^  area  (right  ci  Zn).  Similar  are 
LC*,LDf  ,RCf  ,R1>*  matrices  containing  the  coupling 
integrals  for  the  sour  s  free  E-fidd.  TV  vectors  (!n,^n 
contain  the  unknown  amplitudes  oS.  the  waves  travelling 
forward  or  backward  respectivdy.  The  vectors  HSn,  ESn 
contain  the  expansion  integrals  cd  the  source  fields. 

There  are  N  such  equations  {<x  the  Af  cross  section 
jumps.  The  submatrices  are  of  <»der  infinity,  so  are  the 
column  vectors.  After  truncation  <d  the  submatrices  to  a 
rise  M,  all  equations  togetha  ccmstitute  N  x  2M  equations 
for  the  (iV  -1- 1)  X  2M  unknown  The  Cq!*  <d 

the  leftmost  area  Ao  have  to  be  sero,  as  they  represent 
waves  coming  from  a  nonexistent  source  at  z  =  —00.  A 
similar  argument  holds  for  the  .  Half  of  the  submatri¬ 
ces  are  diagonal  due  to  the  orthogonality  of  the  expansion 
functions.  The  equations  can  be  sw^iped  to  a  structure 
as  (\  means  a  diagonal  matrix,  X  means  a  dense  matrix) 

/  \  XX 

X  X  \ 

\  \  X  X 

X  X  X  X 

X  X  X  X 

X  X  X  X 

X  X  X  X 

X  X  X  X 

X  X  X 

X  X  X 

This  linear  system  can  be  transformed  by  scaling  to  a 
very  weU  conditioned  one  with  the  diagonal  elements  being 
unity  and  the  off-diagonal  elements  all  less  then  unity. 

VI.  Coupling  Impedances 

A  test  charge  Qp  travelling  behind  the  exciting  charge  at 
an  azimuthal  angk  Pp  experiences  a  force  by  the  scattered 
field.  This  force  changes  the  impulse  of  the  test  charge. 
Under  the  assumption,  that  the  velocity  of  both  the  excit¬ 
ing  charge  and  the  test  charge  is  near  the  velocity  of  light, 
the  change  in  the  impulse  wUl  not  change  the  velocity  but 
the  mass.  The  integrated  impulse  deviation  (the  kick)  of 
the  test  charge  travelling  with  the  same  velocity  as  the  ex¬ 
citing  charge  at  a  distance  Az  =  tv  behind  is  a  function 
of  this  time  r. 

+00 

-00 

+00 

=  /  [gpE(s(o.t)+gp«xB(s-(o.o]  dt 

—00 

The  Fourier  transform  of  the  kick  is  proportional  to  the 
lonptudinal-  and  transverse  coupling  impedances. 

Zi[V/A]  =  Wsiu)^,  ,  - 7 - r 
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-  ^ *,<if)t****^^  dr 

W/AJ »  "'-»(")g(^/rB)-.Ov^V‘  cc»(mv^) 

♦s* 

-a» 

jQ(^f/n»)*(^/ro)“-^  coi(«iWV) 

Ths  faeton  ue  dtoMit  to  make  the  Fourier  traoeforma 
impedaaees  and  to  make  tke  impedaoces  in  the  ultrarela- 
tivistic  cam  incfependent  of  the  radii  ^  and  p,. 

Vn.  Numerical  results 

In  [1]  a  dengn  algorithm  for  a  detuned  aecelerator  k 
I»opo^.  Thia  procedure  waa  uaed  to  generate  the  geo¬ 
metry  data  of  a  detuned  accelerator  with  204  cella.  The 
ceila  ate  deaigned  to  have  the  aame  teaonanee  frequency 
for  the  m<mop<de  mode  (m  =  0)  and  a  Gauasian  frequency 
diatributkm  for  the  dipole  teaonancea  (m  =  1)  with  a  mean 
of  15,39  GHa  and  a  variance  of  0,39  GHs.  Thia  expected 
teaonanee  dennty  is  shown  in  Fig.  3.  The  iris  radii  vary 
from  0, 39cm  <  On  <  0, 54cm,  the  caviti  radii  ate  between 
1,05cm  <  <  1, 12cm.  The  iris  thickness  and  gap  width 

ate  held  constant  at  t  s  0, 146em  and  p  =  0, 729em.  In 
the  Icmgitndinal  impedance  (m  s  0)  the  aame  gemnetry 
was  computed.  had  designed  coupling  cavities  at  the 
kit  and  right  cd  the  structure.  These  coupling  cavities  also 
were  used  hoe. 

The  resulting  structure  has  413  cross  section  jumps.  The 
calculation  was  poformed  with  10  TM  and  10  TE  modes 
per  area,  thus,  Uk  order  rtf'  the  linear  system  was  2  x  20  x 
413.  The  nonnalisation  radius  was  rt>=lcm. 

The  structure  has  triqrped  modes.  The  impedance  at 
their  resmanees  has  a  characteristic  like  Dirac  pulses.  This 
bdiaviour  is  circumvented  by  using  a  cmnplex  permittivity 
Sr  =  l-fjlO*^.  The  impedance  gets  a  Gaussiaashiq>e.  The 
resulting  transverse  impedance  (m=l)  is  shown  in  Fig.  2. 


/IGHi] 

Figure  2:  'ftansverse  impedance  in  the  detuned  structure 
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Figure  3:  Expected  focatkau  of  the  204  dipol  resonances 
in  the  detuned  structure 
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Figure  1:  a)  The  left  coupler  and  the  first  18  cells  of  the 
detuned  structure;  b)  The  last  18  cells  and  the  right  cou- 
fder. 
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I.  INTRODUCTION 

ItMiiniioii  of  Ite  netgy  md  luminosiiy  of 
Ite  SipenoadKting  Soper  CoBkkr  (SSQ  will  loqnire  proper 

—**!**"**  of  B  BO— ^F**1?^******t**^r‘*****'**”**^*^*******ir 

pkyiice.  The  steroe  of  eeveial  i^eat  isnee  in  the  design  of 
d»  SSC  will  be  reviewed  sod  opdaied  in  this  peper.  The 
WBplwiit  will  be  — *  the  eupewowdiKii^g  err  f  IrfMifoi 

n.  LATTICE  AND  BEAM  LINE  DESIGN 
A.Camn 

A  new  ooofignntiQo  for  the  Irotke  of  the  CoUiderl^]  has 
been  adopted,  in  wMch  space  has  been  creeled  in  the  north  end 
sooth  arcs,  by  the  removal  of  a  small  number  of  d^tole 
magneis.  The  magnets  have  been  removed  in  pain  sqiansed 
by  ISO*  in  phase  advance,  so  that  the  perttubation  to  the 
dispersian  fimctioo  is  local  and  mininial.  The  rest  of  the 
dipoles  in  die  ling  win  be  opemted  at  a  dighdy  higher  fidd  to 
attain  the  same  energy,  and  the  margin  wiU  be  retained  by 
lowering  the  operating  temperature  by  about  0.rK.  Some  of 
the  resulting  free  ^pace  provided  in  the  arcs  bee  been  utflned  to 
allow  cryogenic  a^  electrical  feed  poiitt  placement  consistent 
with  surface  Imid  acquisition  sites  for  utility  buildings. 
Additional  fiee  space  will  be  filled  with  empty  cryostms 
initiaUy,  but  witt  be  available  for  use  in  die  future  for 
purposes  such  as  beam  scrafung,  ludariratioo  preserving 
devices,  damping  systems,  and  other  as  yet  unspecified  needs. 
An  addhiotial  —«vHrirtinii  m  dm  i— now  beiiig  ftuiffed  is 
the  option  of  a  larger  aperture  ^48mm)  quadn^tde  in  the 
Collider  arcs.  This  is  motivated  by  a  desire  far  uniformity 
with  huger  qierture  quadruples  in  the  utility  and  IR  tegioos; 
simplification  of  quench  protection  for  a  latgm  bore 
quateqmle;  and  ease  of  magnetic  measurements  with  an 
increased  bore  tube  inner  diameter  in  both  dipoles  and 
quadnqnles.  The  latgerqiertureqnadnqiole  would  develop  a 
smaller  gradient,  and  so  would  require  a  larger  slot  kn^ 
wUch  is  provided  by  the  qmce  previoutiy  allocated  to  mid- 
bdf-ceU  correction  qrstems  (see  below). 

In  addition^  to  the  modificatiaitt  described  above  for  the 
arcs  of  the  Odlider,  parts  of  the  straight  sections  (qiecifically 
the  West  Utility  R^km  and  the  East  Interaction  Region)  have 
undergone  significant  desim  evrdution. 

The  current  design!^  of  the  East  Interaction  Region 
incorporates  three  addition^  families  of  independently  powered 
qnadriqnles.  These  quadruples  are  lued  to  change  the  optics 
from  injectioo  to  otdlision  while  the  final  tri|det  quadrupoles 
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are  held  constant.  This  feature  of  the  deaigB  allows  the  two 
rings  to  be  "squeeaed*  independently.  The  new  des^  has  two 
aecowlary  fad  where  the  IP  is  frmtrd  qannretricaUy 
on  both  sides  of  the  DL  Additional  dmnges  from  the  previous 
design  include:  1)  A  sigiuficant  reduction  in  the  peak  value  of 
P  m  injection,  2)  larger  bore  (Scm)  irqilet  quaibrupoles,  3)  a 
standard  design  far  the  vertical  bernls,  4)  a  reduced  total  leiigdi 
ofmagnett.  The  design  can  accommodate  different  P**s  at  die 
two  IPs,  and  a  range  td  values  between  40  arul  180m  is 
poasMe  far  the  spine  allocated  to  a  detector  at  each  IP. 

Orasaing  an^  control  is  achieved  through  local  steering 
dipoles.  Tltif  1T*1**f*fb*f 

to  the  necessarily  large  orbit  excursions  dnoogh  ti>c  high  beta 
triplets.  A  scheme  has  been  prrqioaedDI  to  correct  this 
dfaperaioo,  using  opposite  polarity  quadnipole  pairs  sqiaraied 
by  180*  in  phase  and  located  in  the  arcs,  pist  prior  to  entry 
into  and  after  exit  from  the  IR's.  The  IR  design  incorpormes  a 
phase  advance  between  these  quadrupoles  and  the  IR  triplet 
such  that  the  anomalous  dispenioo  from  the  tri|det  is  fally 
canceled. 

The  Ci^ider  West  Utility  regioo  has  also  undergone 
considenble  design  developmeml^.  The  maximum  ^  values 
have  been  reduced  by  a  factor  of  two  to  iriioot  600m.  The 
complexity  and  pluralky  of  different  oomponeiKs  (quadrupoles, 
spools,  warm-to-coid  transitions)  in  the  region  has  been 
reduced.  The  abort  line  admittance  has  been  increased,  and 
specific  locations  far  damping  systems  have  been  identified. 

B.  High  Energy  Booster 

The  lattice  of  the  High  Enragy  Booster  (HEB)  has  also 
been  modified  in  order  to  increase  its  dynamic  aperture.  The 
ceil  length  has  been  decreased  from  78  to  64m.  The  stronger 
focusing  increases  the  dynamic  aperture  from  9o  to  llo  te 
injection.  Additiorial  minor  modifications  to  the  lattice  in  the 
short  straight  sections  are  under  considention  to  obtain  further 
increases  m  dynamic  aperture. 

C.  Beam  Lines 

The  optics  of  several  of  the  beam  lines  which  interconnect 
the  synchrotrons  has  also  been  redesigned,  in  order  to  increase 
simplicity,  reduce  cost  and  inqirove  operability.  Theseindude 
the  12  GeV/c  LEB-MEB  tmsfer  linei^l,  the  200  GeV/c  MEB- 
HEB  transfer  lines^^l,  and  die  2  TeV  HEB-CoUider  transfer 
iinesf^.  All  these  transfer  lines  are  fabricated  from  resistive 
magnets.  The  general  guidelines  in  diese  redesigns  have  berai 
to  minimize  sensitivity  to  magnet  and  alignment  errors,  and  to 
provide  flexibility,  and  orthogonality,  for  amplitude  and 
dispersion  function  matching  between  the  rings.  Indiecaseof 
the  higher  energy  transfer  lines,  for  which  the  beam  transfra 
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pmum  IQf  OTTO  01  OMOT  Ml  IM  OOMMnnOM  Of 
coayo— ■!  fi^n«  «C0— riot  (particnlio^  kicker 
fHHBINmOlHB^II^  ORB  MQfpORM  OHO  OH  QIHOII^  ** 

nL  COIXmER  CXKtRECriQN  SYSTEMS 

XlfaecrCeiyiet 

A  «l»anii|fHi^  %fy  liiii»  |iwn|inai>HPl  wUckotUixet 

44  kkew  qwJwpoie  conedDn,  tooied  wittki  the  ace  in 
■diiing  dipole  epeeee,  end  in  the  niSky  ■iMtfh* 
ll»  aSMRi  can  be  openied  10  achieve  ^ohel  decooidiBg  in 
INO  fiaadkes  of  12  ihew  qandrapolea  or  in  floor  fiauliea  of  24 
daewqaadMpolea.  AkanMi^.allddebBwqiBadrapoleecaBbe 

hiliiliMeMiily  ti>  IT  fft  ■rhioMO  hnth  fPo*Mli  —4  lOftel 

dBCOopMnf.  The  aranglha  of  the  qoadnqwlea  will  be 
nrfficknt  10  addeve  Av<OyQ03  with  the  eqacled  aooices  of 
coopiing  in  the  ring  (■yawnatir  «  *  0.1  x  10^  cni*^  in  the 
dipolee.  naidoaa  ni  ■  1.2S  x  lOr^cm'^  in  dipoles,  and  0.S 
Bind  me  qeadnpole  foB.) 

B.  Ckromade  CorrteBoJ^^i 

The  aeanpole  oone^an  in  the  Oolhder  SRS  are  iniended  to 
nnmpmaair  flor  both  te  nainnd  chromaticity  of  the  machine 
and  the  hi^  field  syaieaiaiic  aextnpole  of  the  ^jxdes.  In 
addhioo,  the  system  moat  compensate  flor  chromatic  eflSects 
iatrednced  by  the  lR*s  in  collision  optics.  The  nth  can  mdse 
a  significant  contribotion  not  only  to  the  first  order 
cfaraoBaticity,  bat  dao  to  dw  second  order  chraoutici^l^l. 
Becanse  of  csnceOnioa  between  adjacent  nth.  the  second  order 
effects  are  arnaB  if  the  nth  are  separated  by  an  odd  moMple  of 
k^andthqrareopemtedatthesaaaevahieofp*.  However, 
latge  second  order  chramaiic  ^Gocts  can  arise  if  the  adpaxat 
nth  are  opemted  at  (fiflbreac  valnes  of  p*.  or  if  the  tone  departs 
imbstanrially  from  the  design  valne.  To  ameHoraie  this 
prbbleai.  a  local  sextqwle  correction  achone  is  {danned. 
ntfiidng  floor  fimrittea  of  sextupoles  in  die  arc  sections  next  to 
fre  IR  nylons.  Global  chromatic  correction  is  achieved 
dnoi^  the  balk  the  arc  sextoptries;  local  control  is 
adUevedbydKsefloorfrmiliesnearthent'A  Thestreogaof 
dw  and  local  sextopoles  is  piaBTif*if  tobe  adeqoate  flor 
oorrectkig  natoral  chromatic^,  doa  fiom  b2  ■  0.8  X 10^  c^ 
in  the  denies,  and  that  Aram  the  two  low-P  and  two  higb-P 
nt’s. 

C.  I^oldQmKiifMfk/DeciqiK>kK)ctiipok  Comctors 

The  dqmle  corrector  system  is  {danned  to  be  soflficieitt  10 
correct,  at  the  4o  levd.  qnadropole  misalignments  of  O^mm 
rms,  and  dipole  rolls  oi  0.S  mrad  rms.  The  qoadnqiole 
correction  system  has  two  principal  ftmctiona.  It  will  correct 
die  differei^  dipole>qaadnqxde  satormion.  and  win  also 
allow  tone  adyoatnieats  of  op  to  ±  3  onits. 

In  the  previoas  desi|^  flw  the  Collider,  ocdqxde. 
decapole,  and  drew  qaadn^oie  correctors  were  envisioiied  flor 
aoareinid-haif<eO  locations.  As  noted  above,  the  content  idan 
flor  skew  qaadrapoica  odlizea  qioce  in  the  acs  provided  in  die 


qondnqnlea  m  miiMidf'CeB  locatkaM.  Recent  srafl^fsia  has 
inticmed  that  if  the  dholes  meet  the  ^ectfications  flor 

oftnpole  and  decspole  correctors  far  fre  tpool  pieces  will  be 
anffiriem,  A  sepa^  system  in  nrid4otf<cefi  locations  is  not 
dll  pKOlCMlyfNI  ^H|dl  IBIIIPBIOIR  HMHHiHGRdHid  Bo  dill 
hivi  Hftt  the  leqoind  qiecifiOTliow.  Hnce*  it  hn  ben 
decided  to  elbninsSB  aD  aid-hatf-cdl  correctors,  which  will 
reaoh  in  ooMideBhble  smqdification  and  cost  aavh^ 

IV.  EMTITANCE  CONTROL 

One  of  the  principal  dnUenges  in  achieving  the  SSC 
design  hunmosity  is  that  of  preserving  the  beam  brightnem 
tfarooghoot  the  accderaior  chain  and  dorfaig  sion^  in  the 
CbOider. 

A  EmUumce  Growth  in  Ute  Aeeekrator  Chabt 

In  the  accelmator  chain,  diere  are  several  threatt  to 
brightnem;  one  of  these  occors  m  the  LEB  doe  to  the  strong 
spaoe«haim  effects  at  injecrion.  This  has  been  fTteniively 
nudiectf^l  snd  n  is  bebeved  that  the  conem  design  of  the  LEB 
can  cope  with  these  effects  withoot  excessive  cmbtaiice 
dilatiorL  Another  threat  to  brightnem  occors  dnrii^  each 
bfsm  trsnsfpr.  *Thfff  H^jfiiiffn  ftrf*******"*T.  s'kI  w*pt*mdP  ami 

ii»l— <.«■!  otiwurjii 

dfff  to  pbare  gmcf  The  recent  redesign  of  the 

beam  Ihws  noted  above,  which  has  emphasised  ease  of 
matrhii^  from  ooe  ting  to  stiother  sod  tednccd  semitivity  to 
errors,  sboold  lesaon  this  thresL  Another  significsni  issne  in 
the  accelerator  dsrin  is  that  of  coiqried  bench  mstabilities, 
which  can  le  o  emittance  growth  if  not  property  controlled. 
Damiring  symernst^^l  are  idainied  flor  each  accelerator  to 
provide  mnhi-bandi  stability  control  and  redoce  sensidviqr  to 
(^x)le  mode  iqjectioa  errors. 

B.  Long-Term  Emituuice  Growth 

In  the  Ctrilider,  doting  storage,  additional  issues  arise 
related  to  sources  of  long-term  emittance  growth.  These 
mclode  the  efibets  of  power  8iqi|dy  rqiple  and  possfide  ground 
motion  ^fleets. 

The  low  revrdatioa  frequency  of  the  Gcrilider  causes  the 
lowest  betatron  siddond  to  occur  at  a  firequency  in  fee  mge 
of 700- 900  Hs,  depending  on  the  exact  vriue  of  die  fracdonal 
port  of  the  time.  The  amfriitude  of  groond  motkm  or  power 
sqiply  noise  in  general  grows  m  die  fiaqueocy  is  lowered,  so 
the  effect  (rf  feese  perturbations  on  the  beun’s  betatron  motion 
can  be  ejqxcted  to  be  relatively  more  inqnrtant  in  die  Collider 
than  in  existing  machines  wife  larger  revolution  frequencies. 
These  are  difficok  issues  to  soxfy.  and  pardcolariy  to  quantify 
accurately,  although  some  progress  has  recently  been 
maden4].  Measurements  (Aground  motion  and  vibnttiao  in 
the  tunnel  enviromnent  are  idrsmed.  and  the  danqang  of  sudi 
motion  will  be  coondered  in  die  dengn  of  fee  Collidm 
components  and  their  support  systems.  The  ^flect  of  power 
sqqdy  rfyfde  has  been  simnlati^  and  it  is  believed  that  the 


biMliM  poww  nivly  filler  lyiieiiill^  will  be  wkiquaie  to 
Merit  eallHm  doe  10  power  siniy  ii|)fife  to  k» 

lOpaneatper  24  boon.  Rroviekm  to  retrofit  of  an  active 
filler  qfHeai  Imo  been  aBowed. 

C.FieUQmtity 

Field  qiMli^  is  piriniarfly  an  issoe  in  the  higher  energy 
machines,  In  the  MSB.  field  quality  requiremqUs  dktaie  the 
go  |iie  iWpni^^  paiticidariy  at  the  lowest 
However,  dieae  specifications  are  not  difiicult  to  meet  with 
some  care  in  magnet  fidnicatron.  In  the  siqiercondocting 
machinea,  fidd  qndity  is  tied  dhectly  to  die  leqniiemeats 
OninctoMy  aperture)  on  the  supercondncting  d^oks.  For 
both  the  HEB  and  the  Gdlider.  dq»les  with  a  Sct  diameter 
coil  will  have  adequate  static  field  quality  to  meet  the 
requhements.  For  the  HEB.  there  is  a  qwcial  problem  rdated 
10  the  rapid  ranqi  rate  C)<0d2T/Kc):  the  field  hannonics  <bK  to 
transient  eddy  cunents  arising  dming  the  tanqi  must  be  small 
enough  that  sufficient  linear  and  dynamic  aperture  is 
omintained  during  accekrathm.  Thebqnlarianqicyckofihe 
HEB  makes  to  a  particularty  challenging  environment  in 
which  to  meet  this  demand. 

V.  BEAM  LOSS  CONTROL 

Beam  loss  control  is  of  particular  concern  in  the 
superconducting  aocekrators,  in  which  even  small  amounts  of 
beam-related  energy  deposiikm  can  cause  quenching  of  the 
superoondnctmg  magnets.  As  noted  above,  diis  issue  has  been 
kqit  in  mind  during  the  design  (rfbeam  kjection,  extraction, 
and  abort  systems  for  these  machines.  In  addition,  contnd  of 
the  beam  hido  and  localized  beam  loss  in  die  vicinity  of  the 
Collider  IFs  is  crucial  to  maintaining  a  relatively  low 
background  environment  for  the  Collkto  detectors.  An 
extensive  system^^^  of  ctrilimators  and  beam  scrapers  has 
been  proposed  to  the  Collider  in  order  to  achieve  the  necessary 
low  beam  loss  conditions. 

A.CoUidtrVaaam 

A  particnlariy  thorny  proUem  related  to  beam  loss  comnd 
is  that  of  maintaining  an  adequately  high  kvd  of  vacmnn  in 
theCcdlider.  D^radation  of  the  Collider  vacuum  is  direcdy 
related  to  the  presence  of  synchrotron  radiation  in  the 
raachine^^^l.  The  Collider  will  be  the  first  proton 
synchrotron  for  which  the  beam  energy  is  high  emmgh  to 
produce  signifiomt  amounts  of  syndnotton  radiation.  The 
mtqor  effect  of  this  radiation,  which  is  absorbed  by  the  ctdd 
beam  tube  walls,  is  to  idace  a  significant  ^namic  heat  load  on 
the  Ctdlkkr's  cryogenk  system.  This  is  handled  in  a 
straightforwmd  way  by  proper  sizing  of  the  4*K  refrigeration 
system.  Howevm,  as  in  electron  synchrotrons,  the 
tynchrotron  radiation  will  also  desorb  gas  tokraty  H2)  from 
tte  beam  tube  walls.  Urdike  in  dectron  synchrotrons,  diis 
gas  wiU  be  cryopnmped  onto  the  walls  ci  the  beam  tube. 
Since  it  is  very  loosdy  bound,  the  effective  cross-section  for 
phoiodesorption  of  this  cryosorbed  gas  is  quite  high.  Thus, 
there  is  a  constant  "recycling"  of  gas  rntdecuks  from  the 


smfKe  into  the  bemn  trriie  vacumn,  wUch  produces  a 
"dynatnk"  fte  densitynS].  if  toficiently  dense,  tins  gas  can 
lead  to  substantial  beam  loss  and  even  local  overload  of  the 

firynipaiir  «yWwi  tn  aeaUratA  lii|;li  «w«»gy  At 

this  pcdnt,  maclune  operation  slops  and  the  hemn  tuhe  wall 
nmst  be  wumed  to '-20‘K  to  allow  the  H2 10  be  pnaaped  out 

Several  approaches  are  availabk  as  potenttm  ardntioite  to 
this  proUem.  The  simfriest  is  to  ensure  that  the  total 
hydrogen  gas  fhix  evolved  from  the  surfece  is  low  enough  that 
to  tune  associated  with  surfiroe  buildnp  of  cryosorbed  H2  gas 
iskog(~oneyettf). 

The  gas  flux  evolved  is  determined  by  to  effective 
photodesorption  coefficient  and  to  amormt  of  gas  initially 
trqiped  on  to  surtoe  or  in  to  bulk  to  beam  tube 
material.  Recent  experimentsH^]  iiavg  jnjicated  that  to 
effective  photodesorptioc  coefficient  is  substantially 
siqipressed  (relative  to  its  room  tmiqierature  value)  at 
cryt^enic  temperatures,  which  will  limit  to  total  atnoom  oS. 
gas  evolved.  The  gas  load  may  also  be  reduced  by  proper 
febrication  and  cleaning  of  to  bmsn  tube.  An  extensive  series 
of  investigations  into  possibk  options  in  this  area  is 
underway  at  SSCL  and  its  sobconiiaciofs. 

If  this  approach  does  not  succeed  in  limiting  to  gas 
density  evolved  by  photodesorption.  another  technique  is  to 
introduction  ttf  a  linerf^l.  This  aotntkm  involves  to  use  (tf 
an  insert  in  to  magnet  bore  tube,  with  holes  to  alkw 
photodesorbed  gas  to  be  pumped  by  cryrosorbent  material 
located  between  to  Hneraod  to  beam  nto  The  cryosorber, 
shidded  from  to  photons  by  to  liner,  would  accumulate  gas 
fmr  a  long  peri^  before  warm-up  was  required.  An 
engineering  design  of  an  SOTCt^l]  ijgg  recently  been 
couqdeted.  Engineering  design  is  planned  for  a  liner  operating 
at  4'K,  which  has  advantages  in  simplicity  and  reduced 
photodesorption  coefficknt.  mid  disadvantages  in  pumimig 
qieed  and  cryogenic  efficiency,  relative  to  to  SOTC  sdntion. 
The  increased  bore  tube  size  mentioned  above  in  to  first 
section  provides  sufficient  physical  aperture  to  ackqu  diis 
scdution  if  it  is  required. 

VI  COLLTOER  RF  SYSTEMS 

The  baseline  RF  tyslem  for  to  Cdlider  is  a  20  MV.  360 
MHz  room  temperature  S-cell  cavity  system.  Recently,  to 
possiUlity  of  to  utilization  of  siqieicoodncting  RF  to  to 
Collider  has  come  under  consideratioot^l.  Siqietoondocting 
RF  has  advantages  in  to  areas  reduced  hqtor-oder-modes, 
a  smaller  number  of  cavities,  and  reduced  RF  power  (and 
window  power)  requirements.  Disadvantages  relative  to  room 
temperature  sysmis  Ik  in  to  areas  ci  increased  devetepmem 
and  support  requirements  at  SSCL,  possiUy  kwer  reliiMlity, 
and  possibly  larger  initial  capital  costs  (vs  lower  operating 
costs).  A  droisko  of  which  padi  to  proceed  along  is  expected 
in  to  near  future. 
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Abstract 

The  Fennilab  coUidor  propnin  has  enteied  its  first 
l^ysics  run  with  two  major  detectors,  CDF  and  DO. 
Recent  results  on  the  perionnanoe  of  the  acceleratcMS 
are  presented,  along  with  plans  to  improve  the 
luminosity  of  the  collider.  The  Mak  luminosity 
routinely  exceeds  the  goal  oi  5x10^  cm'^sec'l,  and 
the  integrated  luminosity  routinely  exceeds  1  pb~l 
per  week  to  each  detector.  The  Tevatron  has  been 
successfully  upgraded  to  include  electrostatic 
separators  which  provide  helical  orbits  which 
overcome  the  beam-beam  tune  shift  limitations  of 
previous  runs  by  only  allowing  bunch  crossings  at 
the  two  detectors.  The  installation  of  two  matched 
low  beta  inserts  in  the  Tevatron  has  allowed  for  the 
simultaneous  operation  of  two  high  luminosity 
interaction  regions.  The  Antiproton  Source  has 
increased  its  performance  over  the  previous  run  as 
measured  by  stack  size  and  stacking  rate.  TheLinac 
will  be  upgraded  from  200  MeV  to  400  MeV  in 
order  to  lessen  the  space  charge  tune  shift  upon 
injection  into  the  Booster.  Addiuonal  improvements 
to  the  Antiproton  Source  are  required  to  meet  the 
luminosity  projections.  Higher  luminosity  requires 
more  bunches  in  the  Tevatron  in  order  to  keep  die 
number  of  interactions  per  bunch  crossing 
accratably  small  The  i»eMnt  plan  is  to  increase  the 
number  of  bunches  from  6  to  36  per  beam.  Until  it 
is  replaced  with  the  Main  Injector,  the  Main  Ring 
will  remain  as  the  most  significant  botdeneck  on  the 
performance  of  the  collider. 

Current  Performance 


The  initial  luminosity  delivered  to  the  detectors  has 
routinely  exceeded  SxlO^  cm*^  sec'^  which  is  the 
god  for  the  present  run.  This  is  demonstrated  in 
Hguie  1  which  shows  the  initial  luminosity  for  both 
the  present  run  and  the  previous  run.  The  "lOX 
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Running  Average"  means  that  the  initial  luminosities 
for  aparticultf  store  and  die  nine  previous  stoes  are 
summed,  divided  by  ten,  and  plotted.  This 
avoaginE  removes  nuich  of  the  scatter  from  stoe  to 
store  and  presents  a  clearer  picture  of  the  actual 
accelerator  performance.  Some  of  the  variations  in 
the  average  are  due  to  various  failure  modes  - 
particularly  those  which  result  in  draping  the 
antiproton  stack  -  and  some  are  due  to  differraces  in 
mnphasis  between  operating  fm*  peak  luminotity  and 
otter  machine  improvements.  For  the  present  run, 
the  initial  Imninosity  is  taken  after  soaping  which  is 
done  on  the  beams  to  reduce  the  backf^unds  at  the 
two  detectors.  The  peak  initial  luminosity  for  the 
run  has  been  8.79xl(p0cm"2sec*l.  The  luminosity 
displayed  is  for  CDF;  die  luminosity  for  DO  is 
comparable.  The  luminosity  lifetime  at  the 
beginning  of  a  store  is  typically  12  to  16  hours.  It 
increases  about  0.2  hours  per  hour  during  die  store. 

Figure  2  shows  the  integrated  luminosity  for  the 
present  and  previous  runs  for  each  wedc  and  for  the 
entire  run.  The  figure  shows  the  integrated 
iuminoaty  for  the  i»esent  run  amuoaching  30  pb'l. 
The  goal  for  the  run  is  25  pb‘1.  The  plateau  near 
week  22  is  due  to  a  scheduled  diutdown.  Tte  goal 
for  the  run  of  1000  nb*l  per  wedt  has  been 
exceeded  several  times,  and  one  week  exceeded  2 
pb’l. 

Figure  2  shows  the  integrated  luminosity  delivered 
to  CDF.  Approximately  70%  of  this  is  logged  to 
t^.  DO  lo^  about  20%  less  than  diis  primai^y  due 
to  the  blanking  required  when  Main  Ring  beam 
passes  through  tte  DO  detector  during  antiproton 
stacking.  Tte  concern  that  tte  DO  detector  may  not 
be  able  to  run  at  all  during  stacking  has  been  put  to 
rest. 


The  design  for  the  minimum  beta  function  at  the 
interaction  regions  (beta"*)  is  50  cm.  However,  for 
the  nominal  current  settings  of  the  low  beta 
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quadrupoles,  a  beta  beat  is  created  which  results  in 
an  effective  beta*  of  abtHit  35  cm  at  both  interactions 
regions.  This  beta  beat  appears  to  be  the  result  of 
errors  in  the  Held  gradient  of  the  low  beta 
quadrupoles  of  about  1  part  in  1000.  This  has  been 
corrected  with  trim  supplies  on  individual 
quadrupoles.  The  power  supplies  and  low  beta 
quadrupole  ma^ts  are  designed  to  provide  a  beta* 
of  25  cm.  The  initial  measurements  with  the  25  cm 
beta*  lattice  have  produced  the  expected  increase  in 
the  specific  luminosity.  (Specific  luminosity  is  the 
luminosity  divided  by  the  product  of  the  number  of 
protons  and  antiprotons.)  In  addition,  the  length  of 
the  luminous  region  decreased  to  an  rms  of  about  26 
cm  as  measured  by  the  CDF  SVX  (Silicon  Vertex 
Detects). 

Separators  and  Feeddown  Sextupoles 

In  the  previous  run,  with  no  separators  and  6 
bunches  per  beam,  the  beams  collided  12  times  per 
revolution.  This  resulted  in  a  beam-beam  tune  stuff 
which  severely  limited  the  proton  brighmess,  and 
consequently  the  luminosity.  (Brightness  is  the 
intensity  divided  by  the  emittance.)  The 
implementation  of  separators  in  the  Tevatron  allow 
the  beams  to  collide  only  at  the  two  detector 
locations.  The  subsequent  increases  in  the  proton 
brightness  and  the  luminosity  are  given  in  the  table, 
(llte  previous  run  is  "1989"  and  the  present  run  is 
lA.)  The  separators  in  the  Tevatron  provide  two- 
dimensional  helical  orbits,  not  one-dimensional 
pretzel  orbits  (in  the  horizontal  plane  only)  as  in 
other  accelerators.  The  separators  have  been  used  to 
scan  the  beams  through  one  another,  and  a  summary 
of  these  results  is  presented  at  this  conference  by  D. 
Siergiej  et  al. 

The  presence  of  the  helical  orbits  all  tw  the  use  of 
famiUes  of  trim  sextupoles  (both  normal  and  skew) 
for  adjusting  the  tunes  and  coupling  of  the  proton 
and  antiprotons  beams  independently.  When 
sextupoles  are  used  in  this  manner,  they  are  called 
"feeddown  sextupoles”. 

Phar  Improvements 

The  improvements  in  the  Antiproton  Source  - 
especially  the  Accumulator  stacktail  system  -  have 
resulted  in  increased  stacking  rates.  The  production 
rate  exceeds  14  antiprotons  per  10^  protons  on 
target  The  stacking  rate  is  typically  4.5x10^® 


antiprotons  /  hour  at  modest  stacks  and  3.5xlOlO 
antiprotons  /  hour  at  stacks  exceeding  10^^. 

The  development  of  techniques  for  stabilizing  large 
antiproton  stacks  has  been  necessary.  Clearing 
electrodes  have  been  used  to  help  expel  trapped  ions 
which  are  the  primary  problem.  However,  the 
clearing  electrodes  alone  are  not  enough.  Counter 
circulating  protons,  and  bunching  of  tlu  antiproton 
core  have  also  been  found  to  have  a  stabilizing 
influence.  P.  Zhou  and  P.  Colestock,  S.  Weikema 
et  al.,  and  A.  Gerasimov,  all  have  presented  at  this 
conference  some  of  the  observations  of  the  effects  of 
trapped  ions  in  the  Antiproton  Source. 

Coalescing  Improvements 

Longitudinal  instabilities  in  the  Main  Ring  limit  the 
efficiency  of  coalescing.  (Coalescing  is  the  process 
by  which  several  -  typically  11  -  bunches  are 
combined  into  a  single  high  intensity  bunch.)  By 
speeding  up  the  process  of  coalescing,  so  that  the 
instability  does  not  have  time  to  develop,  the 
intensity  of  the  coalesced  bunches  has  been 
increased  from  80x10^  to  greater  than  125x10^. 
The  "speeded  up  process"  is  called  "snap 
coalescing".  Refer  to  X.  Lu  and  G.  Jackson,  and  1. 
Kourbanis  et  al.,  at  this  conference,  for  details. 

Collider  Upgrade  Plans 

Overview 

The  table  presents  the  overall  plan  for  the  upgrade  of 
the  collider.  The  previous  run  (called  1989  in  the 
table)  provided  0.32  inverse  picobams  per  week  on 
the  average,  with  a  typical  initial  luminosity  of 
1.6x10^0  cm"2  sec*^,  which  exceeded  the  Tevatron 

I  design  goal  of  IxlO^O  cm*2  sec'^.  As  noted 
previously,  the  present  run  (Run  lA)  provides  1 
inverse  picobam  per  week  at  each  detector,  with  a 
typical  initial  luminosity  in  excess  of  5x10^  cm~^ 
sec'^.  Run  lA  is  scheduled  to  end  June  1, 1993  to 
allow  the  final  installation  and  commissitMiing  of  the 
Linac  upgrade,  and  the  installation  of  the  cold 
compressors  in  the  Tevatron.  The  integrated 
luminosity  per  week  is  expected  to  double  in  Run  IB 
which  is  scheduled  to  begin  in  the  fall  of  1993.  Run 

II  is  not  expected  to  provide  much  more  integrated 
luminosity  per  week,  but  the  energy  of  the  Tevatron 
will  be  raised  and  number  of  interactions  per 
crossing  will  be  greatly  reduced.  Finally,  a  factor  of 
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five  inciease  in  the  integrated  luminosity  will  be 
provided  by  the  Main  Injector. 

Tl»  form  factor  in  the  table  describes  the  reduction 
in  the  luminosity  which  occurs  when  the  bunch 
length  is  con^arable  to  the  beta  function.  It 
jq)proaches  1.00  if  the  beta  function  is  much  larger 
t^  the  bunch  length.  However,  this  is  not  the  case 
for  the  actual  case  presented  in  the  Tevatron  as  seen 
in  the  table  where  typically  one  only  obtains  about 
2/3  of  the  luminosity  one  would  naively  expect  from 
the  bunch  intensities,  emittances  and  crossing  rate. 

Linac  Upgrade 

This  summer,  the  Linac  upgrade  project  will  be 
completed.  The  kinetic  energy  of  the  H*  ions 
provided  by  the  Linac  will  be  increased  from  200 
MeV  to  400  MeV.  This  is  accomplished  by 
replacing  the  last  four  sections  of  the  present  drift 
tube  linac  with  seven  side  coupled  cavity  sections. 
The  first  100  MeV  of  energy  will  still  be  provided  by 
the  original  (20+  year-old)  drift  tube  linac  tanks. 
The  beam  will  be  transported  to  the  Booster  with  a 
new  400  MeV  beam  transfer  line.  The  calculated 
reduction  in  the  space  charge  tune  shift  limit  for 
injection  into  the  Booster  decreases  by  a  factor  of 
1.75  which  in  principle  allows  for  an  equivalent 
increase  in  the  proton  intensity  delivered  by  the 
Booster.  However,  the  full  realization  of  this  factor 
is  not  expected  to  be  attained  until  the  Main  Ring  is 
replaced  with  the  Main  Injector. 


This  summer,  cold  compressors  and  new  valve 
boxes  are  to  be  installed  in  the  24  helium 
refrigerators  for  the  Tevatron.  These  allow  for 
subatmospheric  operation  of  the  helium  system  and  a 
subsequent  reduction  of  the  temperature  of  the 
superconducting  cable  in  the  Tevatron  magnets  from 
4.5  ®K  to  3.5  ®K.  This  is  expected  to  raise  the  short 
sample  limit  of  the  cable  and  allow  the  beam  energy 
of  the  Tevatron  to  be  raised  from  900  GeV  to  1  TeV 
for  collider  operations.  Run  IB  will  be  used  to  gain 
experience  with  lower  temperature  operation,  and  the 
inciease  in  energy  is  expected  to  become  operational 
for  Run  11  as  shown  in  the  table. 

Multibunch  Kickers 

As  the  table  shows,  the  Main  Injector  will  result  in 
typical  initial  luminosities  in  excess  of 


5x1031  cm'2  sec'^.  The  present  collider  operates 
with  6  proton  and  6  antipiottm  bunches  colUiting  at 
the  two  detecuna,  CDF  and  DO.  For  the  {nesent 
configuration,  the  minimum  spacing  between 
bunches  is  185  buckets.  For  the  present  typical 
initial  luminosity,  5x10^^  cm'^  sec~^,  the  number 
of  interactions  in  the  detectors  per  bunch  crossing  is 
0.79  (assuming  a  cross  section  of  45  mbarns).  For 
the  upcoming  collider  run,  typical  initial  luminosities 
are  expected  to  exceed  IxlO^l  cm'2  sec'^.  Since 
the  number  of  bunches  ^  beam  will  imain  at  6  for 
that  run,  the  number  of  interactions  per  crossing  will 
exceed  1.57.  Certain  types  of  physics  -  not 
including  the  discovery  of  tte  top  quark  -  are  done 
more  emciently  if  the  number  of  interactions  per 
crossing  is  kept  below  one.  The  number  of  bunches 
per  beam  will  be  increased  to  36,  in  order  to  reduce 
the  number  of  interactions  per  crossing  to  0.26.  For 
this  configuration,  the  minimum  spacing  between 
bunches  will  be  21  buckets. 

With  the  Main  Injector,  the  typical  initial  luminosity 
will  exceed  5xl(pl  cm'2  sec"^,  and  the  number  of 
interactions  per  crossing  will  exceed  1.31,  again 
exceeding  one.  If  necessary  for  the  types  of  physics 
to  be  done,  some  modest  improvements  to  the 
Antiproton  Source  and  the  Tevatron  can  provide  99 
bunches  per  beam  with  7  bucket  spacing.  This 
would  keep  the  number  of  interactions  per  crossing 
near  one  for  luminosities  of  1  x  lO^^  cm‘2  sec"^. 

Additional  details  of  bunch  loading  schemes  can  be 
foimd  in  J.  Holt  et  al.,  this  conference. 

Antiproion  Source 

There  are  several  improvements  needed  in  the 
Antiproton  Source  to  realize  the  upgrades  given  in 
the  table.  An  h=4  rf  system  in  the  Accumulator  will 
allow  the  delivery  of  36  rather  than  6  bunches. 
Improvements  in  Debuncher  cooling  include 
rebuilding  the  pickups  to  allow  for  2  -  4  GHz 

operation  and  cooling  the  pickups  to  20  ^K. 
Increases  in  the  apertures  of  the  Accumulator, 
Debuncher  and  the  beam  transfer  litres  are  also  bdng 
considered.  Finally,  the  Main  Injector  will  deliver 
sufficient  intensity  at  120  GeV  to  the  antiproton 
production  target  that  the  target  is  not  expected  to 
survive  the  shock.  R&D  on  a  beam  sweeping 
system  has  begun. 
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Table  9i  Fermilab  Collider  Upgrade  Parameters 


1989 

lA 

m 

n 

Main  Injector 

ProtonsAmndi 

7.0x1010 

1.2x10^1 

1.5xl0“ 

1.5xloll 

3.3x10*  1 

PbusAnmch 

2.9xlOlO 

3.6xl0l0 

4.5x10*0 

7.5x10® 

3.7xlOlO 

Ptottmentittanoe 

25 

16 

16 

16 

30 

mm-mrad 

Pbtf  emittanoe 

18 

16 

16 

16 

22 

mm-mrad 

Beta  at  IP 

0.55 

0.50 

0.35 

0.35 

0.5 

m 

BeamEner^ 

Number  of  Bundies 

900 

900 

900 

1000 

1000 

G6V 

6 

6 

6 

36 

36 

Bundi  lengdi  (ims) 

0.65 

0.5 

0.5 

0.5 

0.65 

m 

FdrmFacttff 

0.71 

0.76 

0.65 

0.65 

0.68 

Luminosity* 

1.60x1030  5.37x1030 

1.03x1031 

1.15x1031 

5.60x1031 

cm'^sec'l 

Int^;raiBd  Luminosity 

0.32 

1.08 

2.08 

2.31 

11.28 

pb"  1/week 

Bunch  placing 

3000  , 

3000 

3000 

396 

396 

nsec 

hiieractions  /  crossing 
(9  45  mbam) 

0.25  ' 

0.84 

1.62 

0.30 

1.47 

Andproton  tune  shift 

0.025 

0.011 

0.014 

0.014 

0.016 

Piotm  tune  shift 

0.014 

0.003 

0.004 

0.001 

0.002 

What's  New? 

Separators,  Linac 

DODdector, 

Pbar  Improvments 

Faster  Kickers  Main  Injector 
and 

Cold  Compressors 

^Typical  kmoinosity  at  the  beginning  of  a  store;  translates  to  integrated  luminosity  widi  a  33%  duty  factor. 


Mainli^lectDr 

The  purpose  of  the  Main  Injector  is  to  remove  the 
Main  Ring  bottleneck  in  the  delivery  of  high 
intensity  proton  and  antiproton  beams  to  die 
Tevatron.  The  Main  Injector  will  remove 
backgrounds  from  the  CDF  and  (especially)  the  DO 
detector,  sime  the  Main  Ring  -  which  shares  the 
tunnel  with  the  detectors  -  will  no  longer  be  used. 
The  Main  Injectcu’  will  allow  for  test  beams  and  fix^ 
target  physics  year  round. 

M(^  the  wedands  mitigadon  has  been  completed. 
Civil  construcdon  for  Ae  MI-60  enclosure  and 
service  building  has  begun.  This  building  is  at  the 
point  of  tangent^  between  the  Tevatron  and  the  Main 
Injector  and  will  contain  the  if  for  the  new 
accelerator.  This  building  also  services  the  principle 


access  point  to  the  Main  Injector  tunnel  TheR&D 
for  the  project  has  product  several  dipoles  which 
have  met  the  lequiied  field  quality. 

The  funding  profile  in  the  President's  FY94  Biulget 
Request  aUows  initiation  of  operadons  with  die  Miin 
Injwtor  in  the  summer  of  1998. 

Final  Note 

The  author  wishes  to  thank  all  the  many  accelerator 
and  high  energy  physics  collaborators  who  have 
contributed  to  tte  work  summarized  in  this  paper, 
although  only  a  few  of  their  contributions  are 
mentioned  by  name.  Each  individual's  professional 
contributions  to  the  team  effort  have  made  it  a 
pleasure  to  describe  an  ongoing  success  story  as 
stunning  as  the  Fermilab  Collider. 
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ditairmet 

TteBraoUMaiiiiAllKMl^OndSMl^nidi*^^ 
iMiivcd  iMlaM  dbBctfjr  firaa  «  Lbmk  mkI  heavy  km  dinetly 
fioai  a  Tidaea  Vai  da  Gnaff  befbee  1992.  The  newly 
nreialnirtiiii  Booaler  Iwe  bem  bioiii^  en  Inn  to  aetve  aa  an 
ngedor  for  dhe  AC^.  The  nperatinnal  datna  <rf  Ae  accehra 
tion  praiott  and  heavy  iona  teoagh  Sw  Booeler  and  the 
AOS  ia  lewiewed.  Aocehnior  teprowemant  prognuna  lo 
incneae  pralon  hieaai^  for  phyaKa  leeaeich  and  to  pcepaie 
heavy  ion  heama  for  RHIC  ugectkn  aie  diimaaed. 

I.  INTRODUCTION 

The  Booeler  conatnictionwaaoonipleted  in  ^>ril  of  1991, 
foUowed  hy  a  short  oomaaiaaianing  period  in  May  and  Jane  to 
aocelenie  200  MeV  beam  to  a  top  eneagy  of  1.2  GeV  and  to 
aucceeafaHy  extiact  die  beam  oat  of  die  The 

Booster  waa  broa^  on  line  to  serve  die  high  energy  phyaks 
prognon  osing  proton  beam  from  Febmaiy  to  Ap^.  and 
nadear  phyaica  leeeaich  from  Miqr  to  lone,  1992.  In  1993, 
ej^weirlrt  of  dedicated  aaecliineatodiee  was  performed  from 
Mardi  to  May.  This  pqier  wdl  anmmaiiae  the  performance 
of  the  Booeler  and  die  AOS  iq>  to  May  of  1993. 

In  Sectkm  n,  the  tesnlta  of  die  munauiement  oi  bask 
machme  fonctions  of  die  Booster  are  presented.  In  Sectkn 
m,  dm  atatos  proton  aocdeiation  and  intensity  performance 
are  reviewed.  In  Section  IV,  die  statasr^heavykn  acoeleia- 
tkn  will  be  presented.  Finally,  in  Sectkn  V,  plana  for  fotnre 
AXIS  npgiadm  for  Ugh  intensity  proton  aocekiation  and 
preparation  for  heavy  kn  beams  for  RHIC  iqectkn  will  be 
dkcoaeed. 

n.  MACHINE  FUNCTIONS  OF 
THE  BOOSTER 

A  schematk  bqrant  of  die  AGS  ooni|dex  is  diown  in 
Fignre  1  [1, 2].  Working  MAD-bosed  computer  modds  now 
eaiat  for  die  LTB,  Booster,  and  BTA.  The  modeb  correcdy 
predict  die  transfer  matrixes  and  beta  fanctkitt  of  all  diree 
areas,  hi  the  foOowing,  selected  measatemems  will  be 
dtacoseed. 


can  be  coriecled  to  aboot  0.5  mm  and  0.2  nan,  raepsctive 
ly(3].  The  relatively  hags  anors  of  oneonecled  orbit  are  not 

lakaligninant  of  ipindnipoba  and  dm  amplification  hctor  of 
IS.  A  total  rewvqr,  inrJwding  anrvey  mnmnwte,  wUl  be 
carried  oat  in  the  enmmer  of  1993. 


Fignre  1.  AGS  Con^dex. 

BL  Tkiiea  md  CJmmutUMes  €f  Ae  Booster 

Using  dm  tinm  functko  of  dm  orUt  signal  obtamed  at  one 
Bnd,  an  antomatk  tnim  duiday  is  provided  dvoo^  a  Fast 
Foorier  Temsfixm  (FFT)  amtyaer.  The  orbit  aignal  ami  foe 
tune  diophy  are  shown  in  Fignre  2.  The  nmsanmd  ancorrect- 
ed  tones  4.56  and  Vy  »  4.60  are  very  close  to  foe 

prediction  of  the  MAD  program  nstng  dm  nmaaored  qnadro- 
pole  strengdi.  Trim  power  sityplies  have  been  provided  to 
aiyaat  dm  tones  within  orm  nnit  fi>r  proton  acceleration  and 
0.S  nnit  for  heowy  ion  acceleration. 

The  natnral  chromatkitiea  of  the  accderator  are  - 
•5.1  and  ([_  ^  .5.5.  Bodi  are  meoaored  and  confirmed  by 
mnaanring  me  tones  of  vatkos  energy  beenm  m  the  Booster. 
Daring  accderatkn,  dm  ed^  corrent  correction  coil  hoe  to  be 
provided  to  compensate  the  aexhqxde  fidd  prodoced  by  foe 
wacmaa  chambeta.  Agam,  trim  sopidieB  have  been  provided 
to  cootrd  dm  chromatidty  withm  ±  5  units.  For  stable 
operation,  dm  duonadkity  is  set  at  small  negative  vahm. 


A.  Boosm  Orbits 

The  Booaler  bore  orbits  indicate  RMS  horiaontal  errors  of 
aboot  5  mm  and  RMS  vertical  oror  of  aboirt  3  non,  whidi 

*WoA  performed  nnder  dm  anqikes  of  dm  U.S.  Deportment 
(rfEne^. 


C.  X-YCottpttog 

One  qifdication  of  dm  tmm  measarement  device  is  to 
detect  dm  muateoce  of  dm  X>Y  coafding  and  to  confirm  its 
mmiiidzrtkn  by  ooa|ding  conectkn  skew  qnadmpoles.  If 
there  is  little  coapl^,  a  sizable  orbit  oscillatkn  m  dm 
horizontal  idane  cannot  excite  dm  osdllatkn  m  dm  vertical 
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phmi.  md  the  horiamiiai  tad  vertical  toaw  tmum  dwir  well 
drfiBBd  valBH  wiA  a  anile  pMk  m  tk0  FFT  ditptay.  What 
diae  is  oov^aiC  betweai  die  hodlaailel  aid  vertical  iteee, 
a  aiiabie  oaciHatinn  in  Ae  horiaontal  plane  will  encite  viaMe 
oadllaiions  in  die  vertical  plane,  aaahofwn  in  of  Figofe  2.  At 
tfaa  tone,  bodi  horiaaital  and  verticd  tnnea  display  donlde 
peaks  indicstint  he  eaislence  die  nonnsl  inodes  and  die 
sepamdon  between  t«w>  peaks  is  a  nMasne  of  die  stienfA  of 
the  oooplint.  Sack  X-Y  ooa|daig  can  be  ««  by 

poaerini  die  skew  qoadrapole  conectka  qratein  to  eliininBiB 
the  oecitlation  in  dto  verti^  plane. 

D.  EmittaHee  GnmOi  by  dm  FoU 

The  RMS  horiatotal  beam  eandance  of  fte  Linac  beam 
is  about  1.2  x  nan-naad.  AAa  pioper  sleerini,  inakdeni 
bela-fnnctiaa  and  diqwsaion  fanctka,  da  beam 

enriWance  achievable  insidB  the  Booster  is  about  2.3  n.  Soch 
a  fiKtor  of  two  iacraato  in  bean  enntlance  can  be  esplained 
by  Ae  andtqxile  Coniowdi  scattering  of  die  proton  beam 
ttroogh  die  H~  strqiiag  foil.  The  way  we  inject  into  the 
Booetor,  die  proton  beam  passes  foroogh  foe  foil  about  30  to 
SOtame.  Aooordag  to  a  aix<diiiiBnsioanl  tracing  aunalation 
[4],  seek  a  naritipolfi  tranevaae  of  die  foil  will  incieaae  the 
beam  emittance  by  a  foctor  of  two.  After  die  initial  fiat 
growdt,  die  emktanoe  wiH  grow  at  a  nodi  reduced  rate.  At 
foe  foil  location,  foe  vertical  beta  fnactian  is  dose  to  mini- 
amae;  hence,  foe  perknbation  in  divergence  censed  by  foe  foil 
is  comparalivety  smalkr  in  die  vertical  plane.  To  mininaae 
eandance  growth  in  foe  staged  horiannial  pheie,  it  nay  bea 
bettor  dioioe  to  place  die  foO  at  die  horizoalal  beta  ininiaB]in. 
Wifo  sack  a  pencil  beam,  foe  Booator  horiaontal  igwrtnie  has 
been  oonfirmed  to  be  atont  ±  4  cm  instead  of  ±  S  on  as 
leqared.  Parfoer  correction  of  foe  orbit  and  avoidance 
obstmeJions  are  needed  to  lestote  die  avahddeapertnie  to  ± 
5  cas.  Farther  mote,  die  apertnie  of  die  extraction  dwmel  is 
fonnd  to  be  about  ±  2.2  cm,  conesponding  to  a  normalized 
enHdanoeof52s. 


m.  PERFORMANCE  WITH  PROTON  BEAM 

Once  the  linear  machine  properties  are  the 

of  pfOten 

of  over  200  tnms  of  Linac  be^  To  aocoa|didi  sndi  a  taric, 
naderstanding  of  rf  cqnnce,  space  diarge  tone  spread, 
stopband  correction,  a^  coherent  instohilitiee  play  an 
important  role.  Some  of  the  experiences  will  be  dienmiml  in 
dns  section. 

A,  Beam  Size  ami  Emiaamce  TnukiHg 

The  ioniiaticin  profile  monitor  (IPM)  [5]  is  used  to 
meeanre  die  beam  aiae  and  enattance  over  die  acederation 
cyde.  Shown  in  Figure  3  is  die  horizontal  and  vertical 
profiles  taken  fiom  die  DPM. 
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Fignre  3.  Beam  pn^Ues  from  dw  IPM. 


The  traces  show  the  beam  profiles  tdeen  at  die  dotted  moment 
in  die  acederation  cycle.  The  evdirtian  of  die  beam  emit- 
tances  over  one  cyde,  includiiig  deceleration,  are  recorded. 
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onlkMid  llilaw.  Ifiw  ■•ekiM  Mmiiioa  aodM  won 

•  diiphy.  AlwAkB  hmm  mtt  edfbndaa  wfll  be  eocoea- 
pKriwI  by  eonpHieoa  with  •»*——<  SEM  leediafi- 

JL  Waritii^  Fobu,  Spoct  Chargt  Tima  Sh0  and  Suipbtmd 
Conwetkm 

Tbe  Booker  iwAietpOMkeiedioem  to  be  bboote,  «■ 
4.8S  aid  Vy  »  4.90  at  ngectioa  aod  die  fieri metod  apace 
dMafetoeeaiiiftatfBUiDlaiiaityia  A«x  >  0.25aad  AVy  » 
0.35.  Athiihndeaaily,  thetoBeofaoatooflhepMtideaeaB 
doaa  2»3j  »  9, 2ey  ■  9,  e,  -  Vy  ■  0,  ¥,  +  »„«  9,  Se,  ■ 
14,  3Vy  X  14,  Vj^  +  2Vy  X  14,  2«x  +  Vy  x  14  liaee. 
Fiampwa  <rf  particle  loaeaa  dee  to  aoma  wiannaTe  linaa  eed 
die  auvival  ^  beam  after  conectioii  am  ahown  in  Ftgom  4 


Figum  4.  Stopband  Cociectkm;  (a)  widioot 
oonectiaa  and  (b)  widi  cociectioa, 

(1)  2ex  X  9  and  (2)  »*  +  »y  «  9. 

The  left  tmce  abowi  the  beem  ndenaily  decraeae  wben  it 
encoiintaridiefiiatieaonaiioeof2v^  x  9a^furdierdea«a8- 
ea  edien  it  cocoantara  die  aecood  »wn««nc«> 

Tbe  right  tmce  ahowB  diat  die  total  beam  inteoaity  is  almoet 
iim  /.««— «x»mnirTT  ffW 
qralem  is  tuned  on.  The  same  proceae  is  repeated  for  all  die 
reaonancee  lialed  kxive.  Sodi  a  conecdon  study  is  carried 
out  at  flattop  by  varying  die  tune.  During  acoeluation,  widi 
or  widioiit  correction,  diis  can  mkre  a  5-10%  difforence  for 
weak  maonanwia  and  a  30-50%  difforence  for  strong  reso- 
iianoes(6]. 

C  Thauvtne  Cotqtled-Simch  buiability 

ft  hm  been  wrimatrd  diat  die  duedudd  for  transverse 
coupled  bondi  inslabilky  excited  by  die  resistive  wall  is  at 
abont  4-5  X  10^2  ppp.  A  damper  qratem  has  been  constructed 
to  damp  such  an  instabil^vriien  it  occurs.  Shown  in  Figum 


The  new  system  wiU  be  evaflaUe  in  hme. 
ihradKdd  of  vertical  matabilhy  boa  been  fonnd  to  be  about  7 
X  10^2  ppp.  when  v,  x  4.94  n^  "  -0.25,  which  cm  be 
avoided  fey  adjusting  dm  tune  and  rbwaaetirity  of  the  am- 
dwne.  Akive  damping  is  neceaaary  wbee  the  beam  intensity 
is  brger  ftma  10*^  PPP  [7]-  By  snppi^naf  a  constant  aaapli- 
tudeofdamping,  inatoedofpropoitimieltodmoaciileticin,  the 
power  reipiiaeuieiU  of  the  dampmg  qralem  can  be  rednced  by 
a  foclor  of  fcnr.  The  eflecrivenem  the  constant  arapHtude 
method  hm  been  tested  in  foe  Tevatron  [8]. 


Figum  5.  Signal  of  trsnavesae  instability  and  intenaity. 


D.  StmuHory  cf  Pafimaaitee 

Aftw  acceleration  to  the  top  energy  cS  1.5  OeV,  the 
Booster  beam  is  extracted  and  transported  to  dm  AOS.  Fow 
featches  am  needed  to  fill  1^  dm  wh^  AGS  ring  m  ihown  in 
Figum  6.  At  dus  tune,  the  performance  record  of  dm  fow- 
batch  Booeter  intensity  and  AGS  iatenaity  are  smnmariaed  in 
TaUel.  In  1993,  dm AGSislimitedby thecapabilitieaofdm 
<dd  rf  system.  An  acceieiator  improvement  plan  is  in 
program  to  replace  dm  power  ampiifiu  qratam  and  low  level 
system,  ndudi  will  be  described  in  Section  V.A.  This  new 
qrstem  will  be  nwtaHcd  in  dm  summer  of  1993. 


Figure  6.  Proton  acoderation  wifo  a  stwty  cyde:  (A) 
AOS  and  (D)  Booster  na^netic  fidd  cycles,  and  (B)  AOS 
and  (Q  Booster  beam  iaiensitim. 
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TABLE  if:., 

Basatarand  ACBt'lMililllas 

Desige 

Mty 

im 

1994 

1995 

7 

mm 

6 

7 

AGSIaiected 

6.5 

2.4 

4 

6 

AGS  Aceekration 

6 

1.5 

mm 

IV.  PERFORMANCE  WITH  HEAVY  ION 
BEAM 

The  AOS  vacmim  is  about  10*^  Torr.  The  heevy  ioa 
beam  fitom  the  Tandem  Van  de  Giaaff  with  masses  hi|^ 
duB  sulfur  cannot  survive  due  to  dwtr  paitisUy  stripped  state. 
The  Booster  vacuum  is  designed  to  be  in  the  10'^^  Torr  range 
[10]  vriiefe  any  heavy  ion  beam  can  survive  widioiU  loss  firom 
disfge  exchange  <x  (be  dectron  stripping  process.  In  die 
past,  die  fully  strqiped  Si^^'*'  beam  has  been  iiyected  into  die 
AOS  direcdy.  At  the  end  about  10^  nncleons  were  extracted 
frmn  die  AOS.  Now  the  Booster  can  accept  Si^'''  from  die 
Tandem  and  accelerate  it  to  2  OeV/nucleon,  extracted, 
strqiped  to  Si^^***  and  iiyected  into  the  AOS.  The  fiiud 
intensity  achieved  is  2  x  l6^  nudeons,  a  fimtor  of  20  better 
dum  direct  iryection  into  die  AOS.  This  gain  is  due  to  die 
much  better  efficknqr  of  stripping  into  Si^'*',  instead  of 
Si^^'*',  after  die  TandenL 

Anodwr  pike  to  pay  in  acoderating  Si^*^  is  diat  its 
injection  metgy  is  mi^  lower  dun  Si^^^  and  hence  the  rf 
frequency  at  injection  is  about  500  kHz  instead  of  2  MHz. 
The  solution  to  this  proUem  is  to  run  the  rf  cavity  at  a 
harmonk  number  of  12  instead  of  3  at  iryection  and  switdi  to 
a  harmonk  number  of  6  one-diird  of  the  way  dirough  acceler¬ 
ation  and  to  3  two-diirds  of  the  way  through  acceleration. 
During  tte  switdi  fircMn  die  lugher  harmonk  to  die  lower  one, 
two  rf  bundles  have  to  be  iMoperly  contrdkd  and  coalesced 
into  ane(9].  The  bunch  coalesce  from  two  into  one  is  diown 
in  Figure  7. 

Afim  successful  aooeieiation  of  Si^'*',  die  gdd  beam 
Au^^'*'  was  injected  into  die  Booster  aid  accelerated  to  the  to 
eimgy  of  about  350  MeV/nudeon  and  extracted,  stripped, 
and  iiyected  into  die  AGS.  At  the  running  time,  no  idiaUe 
knovriedge  was  availaMe  the  propo’  foil  diidmess  to 
optimizB  fair  eidier  Au^'*'  ot  Au^'*'.  After  stripping,  the 
profile  monitor  diowed  two  equal  peaks,  each  with  about  40% 
dfidency  [10].  In  die  next  rouning  period,  several  finis  will 
be  provided  to  find  the  optimsl  strimng  efikiency  for  Au*^ 
and  An^'*'.  hi  accelerating  Ai^'*'  in  the  Booster,  five 
harmonk  switdies  have  been  performed  and  dw  overall 
^frdency  is  about  70%.  There  certainly  is  room  fiir  im¬ 
provement  in  future  rumiing.  The  final  gold  beam  of  11 
GeV/nudean  is  the  first  evor  achieved  in  the  laboratory. 


About  3  X  10^  iqip  has  been  accelerated  and  used  for  heavy 
ion  leaeac^. 


Figure  7.  Bunch  coalesce. 


For  RHIC  iryection,  3  x  10^  npp  from  the  AGS  is 
needed.  The  current  performance  and  future  [dan  for  gold 
intensity  in  die  AGS  is  diown  in  Table  n. 


1992 

1993 

1994 

1995 

Tandon  Beam 

Au33+ 

Au3^+ 

Au>^+ 

Au*^+ 

Intensity 

3x10^ 

10* 

5x10* 

10^ 

V.  AGS  UPGRADE  PROGRAMS 

A.  ACS  RF  System 

The  curreid  AGS  rf  tystem  was  designed  and  installed  in 
1970.  The  origiiial  design  was  to  acodoate  10^^  ppp  widi  a 
power  aiiydifier  systm  cqiaUe  of  ddivering  60  kW.  Vfidi 
die  Booster  as  die  iniector,  die  expected  beam  intendty  will 
be  more  dian  6  x  10*^  ppp,  wfaidi  requires  a  syston  capable 
of  ddivering  200  kW  to  drive  the  rf  cavities.  Thoefbre,  die 
(dan  is  to  replace  die  existing  10  Philips  8752  tubes  widi  die 
new  Thomson  573  tubes,  uhidi  also  presents  mndi  less 
inyedance  to  the  beam  [11]. 

In  the  existing  AGS,  the  hi^  levd  powo'  amidifier 
system  and  die  low  levd  beam  contrd  tystem  are  integrated 
into  one  tystem  fiir  all  ten  accdetation  stations,  daring  die 
Mine  frequency  tuning  loop,  die  AGC  and  phase  loop. 
Therefore,  dme  is  no  freedom  for  tuning  eadi  station 
individually  and  often  times,  the  output  vdtage  varies  fnmi 
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■MkaloMiliaB.  IadMaewHfii^tiiiHt.bodidwlu|Jll0v«l 
and  lh»  low  kw«l  qntaai  will  be  indapeadeo^  wBaHed. 
SuA  a  civibiltty  ia  cradal  fer  beam  kmdmf  oaafMnmikn, 
wlttdi  would  BKinde  tnwMBt,  periodic,  »d  ■teady  etate 
caaes.  An  tf  Ihadbadc  ayaTem  widi  loop  delay  of  haa  than 
200  oaec  will  be  provided  for  eadi  (faiw  lo  ooumeract  die 
atraag  bama  »«***^f  eHhct  amtei  in  Iba  iigactioa  ptocaan 
from  dm  Booaler.  A  foctor  of  IS  laductioo  in  die  induced 
vottage  baa  bean  aduevad  by  the  rf  foadback  mediod  on  a 
prototype  cavity.  All  ten  atationa  will  be  leplaoad  in  die 
of  1993.  Tbia  ia  the  laaaan  tbat  the  final  AGS 
inlenatty  can  go  bqrond  2  x  10^^  ppp  after  1993. 

B.  Gamma-lhuttitkm  Jump 

Widi  higb  intensity  bea^  during  dm  traositian  cneaing 
in  dm  AOS,  die  non-linear  apace  charge  fiMoe  can  blow  iq>  the 
beam  emittanca  vdien  die  bunch  length  reduces  bqfond  a 
certain  critical  tengdi.  One  way  to  combat  such  an  dfoct  is 
to  modify  die  gamma-transition  paramritfir  of  die  synchrotron 
in  such  a  wi^  duU  the  beam  energy  crosses  ^  ganuna- 
transition  as  fiuX  as  poasiUe.  The  figure  of  merit  of  diis 
frstnees  of  croasiiig  can  be  increased  by  a  factor  of  twenty  by 
quiddy  pnlsiiig  qiedal  qnadnqxdas  provided  for  su^  a 
purpose.  Calculations  have  been  done  to  show  that  widi  an 
initial  longitudinal  amittiBice  of  1  eV-aec,  such  a  gamma- 
transition  jump  system  can  reduce  the  emittance  growth  from 
5  eV-aec  to  3  eV-aec.  If  the  initial  emittance  is  increased  to 
2  eV-sac,  such  a  system  can  reduce  dw  emittance  growdi  to 
lees  dwn  1S%  even  at  an  intensity  of  10^^  ppp  [12].  A  96 
MHz  VHP  system  has  been  built  to  control  the  beam  emit- 
tanoe  before  transition  crossing  and  die  gamma-transition 
jump  qrstem  wiU  be  installed  in  the  summM'  of  1993. 


C.  Heavy  Ion  IiaeHsity  and  Emittance 

Using  An  beam  as  an  exanqile,  the  RHIC  cdUdm’ 
requires  an  Au^'*'  beam  of  3  x  IV  npp  widi  a  transverw 
emittance  of  10  nmm-imad  and  a  longitudinal  onittance  of 
0.3  eV-sec.  During  die  1992  runoing  period,  die  AGS 
produced  3  x  10^  npp  Au^'*'  with  a  transvmse  enuttance  of 
25  s  and  a  longitodhial  enuttance  of  1  eV-sec.  One  way  to 
increase  die  An  intensity  is  to  inject  Au^^'*'  into  dw  Booster 
instead  of  Au^^*^.  This  will  increase  dw  Au*^'*'  intensity  by 
a  fidor  of  5  inside  dw  Booster.  Anodin’  factor  of  5  csn  be 


gained  by  nunimiziiig  dw  nmnber  of  harmonic  switches  in  dw 
Booster  by  using  lower  frequency  rf  systems  and  by  increas- 
iag  dw  Tandmn  current  and  lei^diening  its  pulse.  A  final 
ftotor  of  4  can  be  gained  by  improving  dw  accdeiation  and 


extraction  efficiencies  in  dw  AGS.  Further  possible  gains  can 
be  obtained  1^  running  An^'*',  instead  of  An^*^,  in  dw 
AGS  uducfa  will  be  tried  in  1994. 

The  Au^'*'  suffered  a  frwtor  of  duee  emittance  growth 
in  the  AGS  during  transition  crossing.  Careful  machine 
studies  are  needed  to  minimiae  such  a  growth.  The  charge 
densify  of  Au^'*'  inside  0.3  eV-sec  longitudinal  |diase  spmx 
is  hi^  enoi^  to  suffer  qwce  diarge  blow  iq>  during  transi¬ 
tion  crossing.  The  needy  provided  gamma-transition  jump 


system  will  be  used  to  nunimiae  the  emittance  growdi  both  in 
transveiae  and  longitudinal  plmws. 

D.  SEB^  Servo 

In  dw  AGS,  aextiqioie  excftation  is  used  to  generate  thud- 
integer  resonance  and  extract  the  large  amplitude  beam  from 
the  ring  to  dw  experimental  area  orar  a  1  second  flattop.  The 
performance  ao  is  satisfiKtory  in  terms  effidency  md 
beam  onittance  ddiveted.  The  only  drawbadc  is  in  the 
unifbnmty  of  dw  spill  over  the  1  second  period.  Thehttensity 
fluctuation  can  be  as  large  as  50%,  whidi  is  undesirable  from 
dw  experimental  point  of  view.  Sources  of  sudi  a  fluctuation 
indude  power  simply  ripples,  non-nrufixm  energy  distribittion 
and  qwce  charge  tame  qiread.  A  system  is  under  design  to 
sense  the  ntracted  beiun  intensity  and  feedwck  on  the 
strength  of  the  sextaipde  fidd  to  control  the  spiU  uniformity 
to  better  than  10%. 

0010  ongoing  AGS  upgrade  projects,  not  covered  hoe, 
include  longitudinal  damping  qrstem,  Linsc  power  transmis¬ 
sion  system,  new  beam  position  monitor  syston,  and  polarized 
proton  accderation  system.  If  dw  qwce  diarge  tune  diift 
becomes  excessive,  a  second  hamwnic  cavity  can  be  em- 
{doyed  in  dw  Booster. 
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Abstract 

liMativcs  have  commenced,  both  fai  Europe  and  m 
Sis  U.SA.,  towards  studies  of  very  intense  pulsed 
spaBation  neutron  sources.  Avoage  proton  beam 
powers  of  iqi  to  S  MW  ate  under  consideration, 
representing  an  extrapolation  of  a  factor  of  about  30 
Qwer  the  most  intense  existing  source,  ISIS  (U.K.). 
Various  opdons  ate  discussed,  aiul  ingiortant  design 
areas  of  the  accelerators  and  targets  are  outlined. 

I.  INTRODUCTION 

First  generation  spallation  neutron  sources  now 
contribute  significantly  to  slow  neutron  scattering 
studies  of  condensed  matter,  and  their  success  has  led  to 
proposals  for  higher  power,  secrnid  generation  sources. 
Traditionally,  nraitron  scattering  experiments  have  been 
made  at  research  reactors,  but  a  number  of  advantages 
arise  in  the  use  of  pulsed  neutron  beams  [1]  at  ^allation 
sources,  makmg  them  serious  competitors  to  the 
reactors.  The  ^lallation  sources  cannot  compete, 
however,  in  the  areas  of  isotope  production  and  high 
flux  irradiation  and  activation  studies. 

Early  neutron  scattering  experiments  with  pulsed 
beams  used  an  electron  linac  target,  but  studies  at  ANL 
[2]  showed  the  advantages  of  lower  poww  dissipation  in 
proton  spallation  targets.  Four  pulsed  sources,  using 
such  targets,  have  since  been  d^eloped,  three  based 
around  a  rapid  cycliitg  proton  synchrotron  (RCS),  and 
the  fourth,  that  at  LANL,  around  a  compressor  ring  fed 
bom  the  800  MeV  LAMPF  linac: 


Table  1 

Parameters  of  Existing  Pulsed  Spallation  Sources 
(Av.  is  a  typical  daily  output  beam  power  average) 


Facility 

Energy 

Rep.Rate 

Av. 

Pk. 

KENS  (J^an) 

500  MeV 

20  Hz 

2, 

2  kW 

IPNS(US) 

450  MeV 

30  Hz 

6, 

7  kW 

LANSCE(US) 

800  MeV 

20  Hz 

40,  60  kW 

ISIS  (UK) 

800  MeV 

50  Hz 

145, 160  kW 

In  addition  to  these  pulsed  sources,  there  is  a  c.w. 
qiallation  source  (SINQ)  under  construction  at  PSI  in 
Switzerland  [3].  It  is  based  on  the  existing  cyclotron. 


with  1  MW  proton  beam  power  at  S70  MeV.  The  target 
is  a  vertical  cylinder,  with  injection  bom  below. 

A  second  generation  of  pulsed  sources  has  been 
under  consideration  for  a  numbo'  of  years,  but  there  has 
been  a  new  emphasis  after  recent  initiatives: 

1.  The  5  MW  SNQ  project  at  KFA,  Julich,  1984; 

2.  ISIS  in  a  European  context,  1986; 

3.  FFAG  studies  at  KFA  and  ANL,  1986-88; 

4.  Japanese  Hadron  Facility,  JHP,  1988-93; 

5.  U.K.  -  Gttinan  European  initiative,  1991-93; 

6.  AUSTRON  initiative  in  C.  Europe,  1991-93;  and 

7.  Studies  at  ANL,  BNL  and  LANL,  1992-93. 

The  European  and  U.S.  initiatives  hope  to  become 
formal  conceptual  design  reviews  (CDR)  in  1994,  with 
the  former  seeking  funding  from  the  Commission  of  the 
European  Community  (CEC),  and  the  latto^  drawing  on 
expertise  bom  ANL,  BNL  and  LANL,  but  to  be  centred 
at  LBL.  The  beam  powers  selected  for  the  European 
and  U.S.  sources  are  5  and  1  MW  respectively,  but  with 
a  S  MW  upgrade  potential  also  for  the  latter. 

The  repetition  frequency  of  the  European  source  is  to 
be  50  Hz,  but  with  2  target  stations,  one  at  SO  Hz  and  4 
MW,  and  the  other  at  10  Hz  and  1  MW.  The  idea  of  a 
10  Hz  target,  for  the  lower  energies  of  the  neutron 
spectrum,  first  arose  at  the  1986  Rapallo  Workshop  [4] 
for  the  study  of  ISIS  in  a  European  context. 

Source  studies  have  broadened  since  1990,  following 
experimental  results  from  JINR  [S]  which  showed  that, 
for  a  given  beam  power,  the  useful  neutron  yield  versus 
proton  energy  remains  ^proximateiy  constant  in  the 
energy  range  1  to  3.7  GeV.  This  has  led  to  a  wider 
range  of  spallation  sources  being  considered,  e.g: 


Linac 

Ring(s) 

Power 

AUSTRON 

0.07  GeV 

1.6  GeV  RCS 

0.1  MW 

ANL 

0.4  GeV 

2.2  GeV  RCS 

1.0  MW 

HMI 

0.46  GeV 

1.6  GeV  FFAG 

5.0  MW 

RAL  (3) 

0.8  GeV 

0.8  GeV  COMP 

5.0  MW 

LANL(l) 

0.8  GeV 

0.8  GeV  COMP 

1.0  MW 

INR 

0.6  GeV 

45  GeVICFAC 

5.0  MW 

LBL(IND) 

1.0  GeV 

5.0  MW 

0-78Q3-I203-1/93$03.00  O  1993  lERR 
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AUBTMW  ^  mtawi  mmth 

corin  for  Aiatris*  Onaiiat  Oaetotwida,  HiwfKy, 
lt4y»  Fobuid  aid  Skivcala.  BDvtafBd  to  •  qMlladoo 
iQMVM  tte  aarie  of  ISIS,  but  uaing  a  irii^  enogy 
to  radace  tte  iqwiiik»  rate  to  2S  Ha.  ud  wtih  the 
IKMaibte  addittoa  of  a  stcMcafe  ring  to  reduce  further  the 
25  to  12J  Kk.  .ffiDP  [7]  aiao  (nopoaea  a  pv)wer  Icvd 
coavtaraMe  to  ISIS,  but  h  to  iiow  bc^  reaaaeaaed. 

The  rceoaining  source  opdona  are  aU  for  1  MW  bem 
power  or  above.  T>)vo  are  for  higb  power  H~  tinacs  and 
proton  oomptesaor  riaga:  RAL  [8]  considers  an  800 
MeV  Unac  and  3  rings  or  a  1200  MeV  Ihiac  and  2  rings; 
LANL  [9]  oonshtofs  an  800  MeV  linac  and  1  ring  for  a 
1  MW  source,  and  eithR  inoeasing  the  linac  energy  or 
addtog  mcne  rings  for  a  5  MW  upgrade.  In  Germany,  a 
source  based  (m  a  H*  linac  and  an  FFAO  accderator  is 
favoured.  Initially,  an  energy  of  3.2  GeV  was  proposed 
for  the  FFAG  [8],  but  HMT  now  considers  lowering  the 
energy  to  1.6  GeV  and  making  use  of  beam  staddng 
tedmiques.  At  AML,  the  1  MW  proposal  [10]  is  based 
arotmd  a  2.2  GeV  RCS,  at  a  repetition  frequency  of  30 
Hz.  BNL  has  recently  commenced  studies,  and  all  the 
sources  of  powa  a  1  MW  now  plan  to  use  2  target 
stations,  as  proposed  at  Rapallc 

Two  different  types  of  somce  complete  the  options. 
INR,  Ttoitsk,  suggests  the  use  of  the  proton  beams 
available  at  dw  KAON  Factory  projects,  dther  at  dm 
highest  energy  4S  GeV)  of  the  main  ring  syndnotron 
or  that  of  its  boostin’  ii^e^r  [11],  The  engineering  of 
the  target  stations  is  very  different  for  this  approach. 
Finally,  there  is  the  si^gestion  to  use  an  inchiction  linac 
accderator  [12],  at  0.8  or  1  GeV,  to  create  the  required 
{Moton  pube  at  the  target  without  any  ^sociated  rii^. 
This  approach  ^  had  the  least  attention  to  date,  but  is 
IQtdy  to  receive  detailed  assessment  at  the  CDR  in  LBL. 

IL  SOURCE  CONSIDERATIONS 

The  most  inqxMlant  initial  oonsideratkm  is  the  choice 
of  kinetic  enngy  for  the  high  power  proton  beam.  This 
d»ice  impinges  on  the  designs  of  the  accderator,  targets 
and  modnators,  and  so  invdves  nnitron  scattaers,  and 
accderator  and  ta^et  designers.  A  range  of  energies 
appears  accqptable,  which  extends  the  task  of  Onding  an 
ovoaU  cost  and  rdidtOity  (qHimisation. 

For  the  European  source  study,  target  designos  ffcxn 
SINQ,  KENS,  RAL,  HWS  and  LANSCE  recommenrtod 
restricting  the  {uoton  kinetic  energy  to  the  rar^e  between 
0.8  and  3  GeV.  ^K^thin  this  restricted  taetgf  range,  die 


fioHowbig  cMumcnto  mi^  be  made  for  the  targets  T, 
moderatora  M,  and  acoeletaior  A,  assuming  S  MW  of 
{Ktoton  aoofce  power  in  each  case: 

T:  the  material  needs  to  be  W,  Ta,  Pb  or  U238; 
the  target  is  boriz.  or  vert  and  rmqr  be  qilit; 
the  required  length  hu  to  increase  wtti  eneqy; 
the  power  hi  die  input  window  falls  wifo  cneigy; 
the  usefid  nottron  yidd  pm  MW  is  ~  constant, 
but  with  some  enhancement  around  1.1  GeV; 
the  peak  target  power  density  falls  with  energy, 
but  widi  more  power  in  escqdng  secondmie^ 
the  nmitron  bad^unds  increase  with  energy; 
shutters  are  more  extensive  for  higher  energies; 
stationary  H2O  cooled  plates  may  work  at  5  MW. 

M:the  design  is  int^rated  for  target  -  M  •  reflector, 
the  layout  is  slab,  wing,  fluxtr^  or  badcscatter, 
the  last  two  of  which  require  a  ^lit  twget; 
there  is  some  downstrmm  adjustmoit  with  enogy; 
the  materials  are  ambient  temp.  H2O,  liquid  H2, 
liquid  CH4,  or  a  liquid  H2  cooled  metal  hydride; 
use  is  made  of  poisoning,  coupling  and  decoupliiigg 
heating  horn  target  secondaries  rises  with  energy, 
as  does  the  radiolysis  for  some  materials  ^  CH4; 
radiation  damage  and  heat  deposition  need  study. 

A:  the  FFAG  and  RCS  options  favour  1.6  to  3  GeV; 
the  induction  linac  favours  an  energy  %  1  GeV; 
the  compressors  proposed  are  3  rings  at  0.8  GeV, 
or  2  rin^  at  1.2  GeV,  or  1  ring  at  2  •  2.4  GeV; 
the  injection  enngy  depends  on  ring/source  power, 
low  loss  in  the  linac  and  rings  is  a  key  issue; 
OfUimised  H*  ring  injection  schemes  are  essential; 
collection  of  beam  lost  in  die  rings  is  required; 
rii^  activations  vary  with  local  power  loss  level; 
the  activated  vidume  rises  somewhat  wiui  energy; 
the  cost  of  beam  line  to  target  rises  with  energy; 
and  ovnall  T-M-A  availabflity  of  >  90%  is  required. 

The  technology  of  a  5  MW  target  was  assessed  at  a 
1992  PSI  wmfcshop  [13].  The  hif^iest  power  density 
case  was  studied,  that  frar  an  800  MeV  target  It  was 
ctmcluded  that,  "Of  the  coitions  considned,  die 
stationary  water  cooled  plate  target  was  considered  to 
offer  the  best  overall  prospects.  Its  design  wfil  be  a 
technical  challenge,  but  the  working  group  felt  there  was 
evey  prospect  for  success.  A  rotating  target  based  on 
the  SNQ  disign  [14]  was  recognised  as  a  viable 
which  could  be  adtqited  for  the  new  source  if  the 
difficulties  of  the  stationary  target  proved 

insurmountable." 
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At  the  same  PSI  workshop,  three  conceptual  target* 
iiio(lermor*reaector  layouts  were  discussed,  one  for  a 
horiaomal,  one  for  a  vertical  and  one  for  a  q>lit  vertical 
target;  die  la^  of  these  is  shown  schematically  in 
Figure  1.  A  neutronic  analysis  for  all  three  options  was 
recxmimended,  including  an  evaluation  of  radiation 
damage  and  heat  deposition  in  moderators,  reflectors 
anddeooiqilers.  Also  recommoided  was  R  A  D  towards 
a  vishle  hi^  hydrogen  density  cold  moderator. 

At  this  stage,  engineering  solutions  appear  to  be 
within  reach  for  the  targets,  moderators  aiul  reflectors  of 
a  5  MW  source  throughout  the  0.8  to  3  GeV  range.  It 
seems  thmefore  that  the  choice  of  proton  energy  will  be 
set  mainly  by  detailed  acederator  considerations. 

III.  ACXELERATOR  CX)NSIDERATIONS 

The  simplest  concept  is  a  1  GeV  induction  linac  with 
no  associated  ring.  It  has  the  longest  length  at  ~  1  km, 
however,  so  it  may  prove  too  costly.  Also,  its  design  is 
based  on  very  high  ^ace  charge  detunings  and  exact 
matching,  so  the  effect  of  variations  in  ion  source 
current  (SOA,  1  MeV,  2  (is)  needs  careful  assessment 

The  most  challenging  option  is  the  FFAG.  Initial 
studies  at  KFA  and  HMI  have  shown  that  a  0.46  to  3.2 
GeV,  wide  aperture,  superconducting  magnet  FFAG  is 
overexpensive.  This  has  led  HMI  to  studies  of  a  higher 
frequency,  1.6  GeV  ring,  using  beam  stacking  at  hi^ 
energy  to  build  up  the  beam  current  An  alternative  has 
been  suggested  by  ANL,  with  a  100  Hz  low  energy 
FFAG  feeding  2  successive  pulses  for  each  SO  Hz  cycle 
of  a  higher  energy  ring. 

For  a  1  MW  source,  ANL  prefers  a  30  Hz,  0.4  to  2.2 
GeV,  RCS,  with  the  high  output  energy  reducing  the 
number  of  protons  to  be  handled  each  pulse.  The  design 
will  have  the  potential  for  a  S  MW  upgrade.  An  RCS 
has  also  been  considered  in  Europe,  with  the  parameters 
50  Hz,  0.8  to  3  GeV,  and  5  MW.  The  0.8  GeV 
injection  is  the  same  as  in  one  compressor  ring  option, 
which  is  favoured  due  to  its  shorter  beam  storage,  lower 
beam  power  per  ring  and  more  rugged  design  (an  P'^S 
has  a  low  impedance,  uiKooled,  shield  and  v  p 
capacitors  in  its  ceramic  vacuum  chamber). 

The  H'  linac-compressor  ring  options  of  RAL  and 
LANL  have  already  been  outlined,  and  the  individual 
pros  and  cons  are  as  follows.  The  H'  ion  source 
performance  is  a  limiting  factor,  so  2-stage  funneling  is 
assumed,  with  the  same  linac  peak  current  in  all  options. 


1110  linac  duty  cyde  then  increases  with  the  number  of 
rings,  so  favouring  a  high  linac  energy.  Nearly  all  other 
factors  favour  a  low  energy,  however,  eg.  cost,  linac 
length,  debunchiqg,  momentun  ramping,  shiddii^  H* 
injectkMi,  rdiability  (losmg  a  ring  leads  only  to  lower 
intensity),  beam  loss  collimation,  lower  beam  power  per 
riqg  (with  more  loss  accq>lable  per  rin^,  beam 
extraction,  high  eoesgy  transport,  and  previous 
aq)erience  with  spallation  targets.  A  possiMe  exception 
is  that  of  beam  instabilities,  which  have  been  relatively 
benign  at  ISIS,  but  not  so  at  the  PSR,  LANL. 

Another  factor  linked  to  the  choice  of  enmgy  is  the 
cost  of  the  H'  linac,  which  may  be  room  temperature, 
RT,  or  superconducting,  SC.  Initial  designs  have 
assumed  frequencies  of  ~  350  and  700  MHz  for  the  pre 
and  post  fiinnding  stages  of  a  RT  linac,  with  half  these 
values  for  the  SC  case.  Q  values  of  2  10^  have  been 
taken  for  the  former,  and  loaded  Q's  of  10^  for  the 
latter,  values  typical  for  cavities  used  in  e'  storage  rings. 
The  pulsed  nature  of  the  linac  leads  to  revised  SC 
parameters,  however,  as  the  1  ms  cavity  filling  time  is 
too  long.  This  would  give  slow  rise  and  fall  times  for 
the  cavity  fields,  with  added  cryogenic  and  geimator 
power,  high  power  klystrons,  with  circulator  and  load, 
are  assumed  for  the  generators.  \  factor  of  10 
reduction  in  filling  time  is  obtained  by  using  the  RT 
frequencies,  and  lowering  the  loaded  Q  to  2  10^. 
Comparisons  then,  between  a  RT  and  SC  linac,  include 
a  reduced  linac  length  and  lower  power  for  the  latter,  as 
against  its  complexity,  enhanced  maintenance,  less 
reliable  windows,  and  probably  larger  activation 
(gamma  danger  parameters  for  Nb  are  ~  4  times  those 
for  Cu). 

The  most  important  accelerator  considerations  are: 
ion  source  performance,  overall  induction  linac  and  H' 
linac  optimisations;  RFQ,  chopper  and  funneling 
characteristics;  and  the  ring  designs  for  H'  injeetkm, 
beam  loading  compensation,  extraction  and  be^  loss 
collimation  and  protection.  H'  injection  and  ring 
collimators  are  discussed  further. 

Low  loss  injection  is  such  an  important  feature  that 
the  lattice  for  the  rings  has  to  be  designed  around  the 
preferred  arrangement  of  the  injection  components.  This, 
together  with  the  constraint  of  obtaining  specific  lattice 
parameters  at  a  stripping  foil  location,  result  in  a  low 
superperiodicity,  S,  for  the  rings.  It  is  very  desirable, 
however,  to  choose  S  >  2,  to  reduce  the  number  of 
betatron  resonances,  close  to  the  working  point,  that 
may  be  excited  by  ^ace  charge  forces. 
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Scfaematics  are  abowa  of  a  S  MW  souice  layout  in 
2,  a  0.8  GeV  oompresaor  lattice  la  Fig.  3,  aa 
oplimi^  H*  iajectioo  system  in  Fig.  4,  and  the  low 
eaeigy  part  of  the  LAMPF  iq>grade  hi  F^  S.  The  ring 
of  Fig.  2  nuiy  be  an  FFAG,  an  RCS,  or  one  or  okmc 
oompressois.  The  lattice  of  Figs.  3,  4  has  S  =  3,  zero 
dispersion  for  rf  systems,  oollimation  and  extraction, 
and  the  betatron  a^  dispersion  parameters  at  the  B1 
d^fKdes  for  optimised  injection.  In  Bl,  the  H*  bem 
merges  with  the  protons  that  circulate  after  charge 
esdiange  stripping.  For  P^.  S,  there  may  be  2  kn 
sources  and  linacs,  funnditig  into  1  at  20  MeV. 

Optimised  H*  injection  involves  simultaneous 
'painting'  in  all  3  phase  planes.  There  is  momentum 
rampitig  of  the  input  beam  for  longitudinal  and 
hori^lal  betatron  painting,  and  programming  of  4 
bump  Adds  for  vertical  painting.  Large  horizontal 
amfriitudes  are  correlated  initially  with  small  verdcal 
and  energy  amplitudes,  and  the  correlations  are  slowly 
reversed  durtng  injection.  The  use  of  a  foil  with  2  liee 
edges  then  reduces  the  foil  traversals  by  protons.  Fields 
near  the  foil,  F,  are  chosen  to  allow  collection  of 
striped  e',  and  to  control  the  partially  stripped 
metastabie  states;  the  scheme  proposed  by  RAL  is 
given  in  [IS].  On  injection,  the  equ^artition  of  energy  m 
the  3  phase  planes  is  lost,  with  a  larger  increase  of 
longitudinal  than  transvase  emittances. 

CoHimatots  and  loss  collectors  are  essential  for  the 
high  powa  beams.  Bdatron  collimation  is  important  for 
the  FFAG  and  compressors,  and  momentum  collimation 
fw  the  RCS.  Primary  collimators  are  followed  by 
collectms,  with  equal  horizontal  and  vertical  phase 
shifts  to  the  downstream  units.  The  system  must  limit 
the  areas  of  activation  and  also  protect  the  rings, 
particulariy  the  chamba  of  the  RCS.  Angled,  not 
straight,  collimators  are  used  as  they  result  in  greata 
penetration  depths  and  reduced  outscatter.  Such  an 
angled  unit  is  to  be  tested  soon  in  ISIS. 
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A  Mef  description  is  given  of  Ike  Beavy  Ion  Syndirotron 
SIS,  wbidt  is  put  of  tke  new  SIS/BSR  fseOity  at  GSI.  A 
survey  of  tke  ions  tbat  were  accelerated  in  1893  is  iwe- 
soited  showing  the  respective  henin  OMSgies  and  intensi¬ 
ties.  Plans  to  increase  the  available  beam  intensities  are 
riiortly  dkcnssed.  Progress  in  the  snpcrcyde  operation  for 
a  time-shared  nse  of  np  to  16  machine  settings  and  conunk- 
sioning  ofthe  beam  line  from  the  BSRbach  to  the  SIS  with 
storage  and  ftitnre  postaceekration  of  eoM  BSR  beams  are 
sammariaed.  In  addition,  the  resnlts  of  recent  machine 
experiments  are  presented:  they  include  new  data  on  Q- 
vafaies  for  the  dynamic  dumge-over  from  triplet  foensing  at 
injection  to  doublet  foensing  at  extraction  and  on  madtine 
chromatkity  u  wcD  u  beam  profile  measnremmts  for  the 
circulating  SIS  beam,  which  yield  information  on  the  trans- 
vuse  beam  emittances.  Finally  some  aspects  of  the  present 
and  future  experimental  program  are  discussed. 

1  INTRODUCTION 

The  heavy  ion  synchrotron  SIS  is  part  of  the  new  GSI  m- 
celeratu  focility  [1],  (3].  As  shown  in  the  plan  view  of  Fig.3 
the  Unilac,  which  is  in  operation  since  107S,  provides  low 
energy  beams  up  to  30  MeV/u.  The  new  SIS/BSR  facility 
WM  conceived  for  acceleration,  storage,  and  cooling  of  high 
energy  heavy  ion  beams.  Construction  of  the  new  facility 
had  begun  in  December  1986.  Since  January  1990  it  is  foUy 
used  for  experiments. 

The  SIS  is  designed  for  the  acederation  of  all  kinds  of 
heavy  ions  to  maximum  energies  between  1  and  3  GeV/u. 
The  hi^  energy  beams  can  be  delivered  either  directly 
to  several  experiments  in  the  target  area  or  to  the  ESR 
via  a  beam  line  with  stripper  target  uid  charge  sepusk 
tor.  A  third  way  for  the  SIS  high  energy  beams  leads  to  a 
production  target  at  the  fragment  sepuator  (PRS),  where 
secondary  beams  can  be  produced  by  projutile  fragmen¬ 
tation.  The  PRS  prepares  pure  beams  of  nay  interesting 
nncleu  fragment,  which  can  either  be  studied  at  the  fi¬ 
nal  focal  plane  or  can  be  iigected  into  the  BSR  for  ring 
experiments. 

The  Unilac  wu  up-graded  for  its  role  m  SIS  iiyector.  A 
new  ii^tor  with  an  BCR  ion  source,  a  short  RFQ  section, 
and  an  IH  linac  wu  installed  midway  in  order  to  provide 
two  km  beams  of  different  species:  one  for  a  low  energy 
experimental  program  and  another  one  for  SIS  iiyection. 


SIS  OPERATION  FEB. 1992  -  MARCH  1993 


Figure  1:  SIS  operation  from  February  1993  until  Mardi 
1993.  The  dashed  line  indicates  the  maximum  energies  for 
fully  stripped  ions. 

2  ENERGIES  AND  INTENSITIES 

InFig.1  the  status  of  SIS  operation  is  summarised  for  the 
but  yeu  until  March  1993.  It  can  be  seen  that  slow  reso¬ 
nance  extraction  was  used  in  a  broad  energy  range,  while 
fost  extraction  mostly  for  the  BSR  storage  ring  took  place 
between  150  and  300  MeV/u.  The  maximum  energies  at 
13-4  Tm  are  3  GeV/n  for  light  ions  with  q/A 
=  0.6  and  about  1  GeV/n  for  heavy  ions,  e.g.  U(73-f ),  ac¬ 
cording  to  the  charge  state  after  stripping  at  11.4  MeV/n 
SIS  iigection  energy.  For  fully  stripped  ions,  which  will 
be  stored  and  cooled  in  the  ESR,  higher  energies  wiU  be 
available,  e.g.  1430  MeV/u  for  U(92+). 

As  shown  in  Fig.  3  maximum  intensities  range  from  10^ 
ions  per  spill  for  heavy  ions  np  to  1  •lO'*’  for  neon  or  oxygen. 
These  intensities,  which  were  reached  until  end  of  1993,  are 
restricted  by  the  available  Unilac  currents,  typically  about 
100  fiA  for  Neon  (10+)  or  1  iaA  for  uranium  (73+). 

It  is  planned  to  raise  the  available  SIS  intensities  roughly 
by  a  factor  of  30  until  the  end  of  1994.  This  goal  shall  be 
approached  with  an  improvement  program  for  ion  source 
operation,  Unilac  transmission  and  SIS  injection.  In  the 
course  of  this  program  the  SIS  space  charge  limit  wiD  be 
tested  for  light  ions  up  to  2  •  lO"  ions  per  cycle.  For  very 
heavy  ions  new  developments  are  necessary.  One  way  to 
increase  intensities  by  a  factor  of  100  would  be  the  con¬ 
struction  of  a  new  RFQ  iiqector  and  a  35  m  long  IR  linac 
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Figort  3:  Plan  view  <ii  tlic  GSI  accelerator  facility 


Figure  3:  SIS  beam  intenaities  at  the  end  of  1992  and 
prospective  intenaities  for  the  end  of  1994.  The  incoher¬ 
ent  space  charge  limit  is  indicated  for  AQ  =  0.25. 


honr,  most  of  the  SIS  capacity  was  available  for  target  sta> 
tion  experiments.  It  is  also  possible  to  run  several  madiincs 
with  slow  extraction  in  a  time-shared  mode,  e.g.  four  ma- 
diines  with  energies  of  200,  270,  330,  and  400  If eV /n  have 
been  nsed  to  provide  depth  variation  of  the  Bragg  peak  in 
a  thidc  PMMA  plastic  block  (Fig.  5). 

January  1993  commissioning  of  the  reiigection  Hue 
BSR/SIS  was  started.  The  following  uses  are  planned:  (1) 
Acceleration  of  folly  stripped  heavy  kms  to  maximnm  ener* 
gies  above  1430  MeV /n.  (2)  Slow  standard  and  stochastic 
extraction  of  cold  ion  beams.  (3)  l^ansfer  of  intense  short 
and  cold  BSR  ion  benches  through  the  SIS  to  the  target 
station  for  high  energy  density  experiments. 

Lt  the  first  round  of  commissioniag  it  was  possible  to 
transfer  BSR  beams  and  to  store  them  in  the  SIS.  It  is 
foreseen  to  optimise  the  operation  of  the  rehuection  line  in 
a  second  round  with  argon  ions  in  July  1993  and  to  store 
the  rciqjected  BSR  beam  in  the  SIS  with  hi^  efficiency. 
In  addition,  it  will  be  tried  to  test  acceleration  and  slow 
resonance  extraction  for  cooled  low  emittance  beams. 


for  the  acceleration  of  low  charge  ion  beams  like  uranium 
(3-f)  up  to  1.4  MeV/u  (3].  It  was  shown  that  such  a  linac 
Aottli  accelerate  uranium  (3+)  up  to  about  10  pmA,  while 
filling  of  the  SIS  to  the  qwee  charge  limit  of  4  •  lO’**  ioiu 
would  require  only  l0p§iA  of  uranium  (73-f )  and  2  pmA  of 
uranium  (3-t-)  respectively. 

3  STATUS  OF  MACHINE  OPERATION 

Usually  the  SIS  has  been  nsed  in  a  time>shared  mode  with 
slow  extraction  at  ion  beams  for  target  station  experiments 
at  the  same  time  as  fast  extraction  to  feed  the  BSR.  These 
modes  are  eontbiued  on  a  pnlte-to-pnlse  basis,  so  that  with 
BSR  filling  usually  needing  only  a  few  hundred  pubes  every 


4  RECENT  MACHINE 
EXPERIMENTS 

The  standard  focusing  scheme  for  acceleration  b  pure 
tripbt  focusing  at  iqiection  with  a  change-over  to  dou- 
bbt  focusing  at  high  energy  keeping  the  Q-vafaies  constant. 
During  the  last  year  the  Q-measurement  system  has  been 
improved  (4).  Narrow  band  measurements  of  the  beam 
transfer  function  (BTF)  provide  an  accuracy  of  10~*  for 
the  tunes,  and  signal  processing  at  a  fixed  intermediate 
frequency  of  50  MBs  will  allow  dynamic  tune  measure¬ 
ments  within  less  ^han  1  ms  for  eadi  data  point  along  the 
accekration  ramp.  In  Fig.  4  first  results  at  three  energies 
are  plotted,  which  show  that  the  preebion  of  tune  setting 
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it  Boi  yet  perfect  Bt  low  eaergiea.  At  hgeetioa  energy  the 
meanred  rcrtical  tnaea  Q,  nre  obont  0.06  below  the  set 
tnaee  while  the  horiaontnl  tonee  deviate  maih^  for  doa> 
hlet  fociuii^.  The  variation  of  the  tones  on  the  acceler¬ 
ation  ramp  is  nnall  for  Qa  and  rather  large  for  Q,.  The 
observed  toning  errors  at  low  energy  are  probably  doe  to 
a  linear  an^oximation  of  the  magnetisatioB  eorve,  which 
has  to  be  refined  according  to  the  magnetic  measnrements 
for  the  SIS  qaadropoks. 

The  BTP  method  was  also  nsed  to  stndy  ehromatie  ef¬ 
fects.  The  observed  vafates  of  —  -0.74(T),  -1.77(D), 

s  — S.13(T),  -3.11(D),  were  compared  to  the  calcolated 
natoral  machine  dmmmtkity  {a,«  —  -0.95(7),  -1.54(D) 
and  =  -1.86(T),  -1.43(D).  It  was  necessary  to  in- 
dode  a  sextopok  term  of  B^l/Bp  =  0.04m~’  in  all  24  SIS 
dipok  magnets,  which  is  larger  than  the  measored  sex- 
ttqpok  term,  in  order  to  adueve  good  accordance  of  the 
theoretical  data  with  the  measored  chromaticities. 

For  chromaticity  correction  two  families  of  sextopok 
magnets  are  foreseen,  which  can  be  nsed  to  correct  hor- 
isMital  and  vertical  chromaticity  separately.  It  was  shown 
that  the  observed  diromaticity  correction  is  in  good  agree¬ 
ment  with  machine  theory. 

Li  another  madiine  experiment  movabk  beam  scrapers 
were  nsed  to  measore  the  corrent  on  the  scraper  jaw  as 
a  fonction  of  its  position  with  respect  to  the  beam  axis. 
Fkom  the  beam  width  and  height  the  horisontal  and  verti¬ 
cal  beam  emittances  were  dedneed.  At  iigcctioa  energy  of 
1 1 .4  Me V /n  a  horisontal  beam  emittance  of  1  Vhemm-mrad 
was  observed,  whidi  corresponds  to  the  machine  accep¬ 
tance  with  the  present  positions  of  the  iigection  and  ex¬ 
traction  septa.  The  vertical  emittance  of  20  vmm  •  mrad 
after  mahi  tom  ugection  was  larger  by  a  factor  of  4  than 
the  Unilac  beam  emittance.  Probably  the  beam  matching 
to  the  vertical  machine  acceptance  was  inadeqnate,  since 
the  beam  profiles  at  high  mergy  show  a  broad  shoolder 
and  a  hi^  mtensity  ewe  6f  0.5  xmm  •  mrad,  which  corre- 
qrands  to  the  BnSac  beam  emittance  with  the  correct  0^ 
transformation.  The  hifd^  energy  hwisoBtal  emittance  of 


7vmm  ■  mrod  k  eras  smaller  than  the  expected  valne 
1^  which  may  be  expkwMid  with  beam  losses  and  eorre- 
sponding  emittmee  rodnetimi  dnring  rf  beam  captnre. 

5  EXPERIMENTAL  FACILITIES 

It  k  planned  to  extmd  the  cj^erimcntal  foefiities  shmm  in 
Fig  2  in  the  following  way:  (1)  A  dkeet  beam  line  from 
the  PRS  to  the  target  haB  k  ludcr  censtmetion.  It  w31 
provide  adireet  way  for  secondary  PRS  beams  to  the  target 
haB.  (2)  A  dikpton  spectrometer  HADBS  was  proposed. 
It  shaB  be  installed  in  the  north  east  area  of  the  target 
haB.  (3)  Li  front  of  the  new  HADBS  cave  a  detector  test 
facility  k  foreseen,  where  SIS  beams  and  ako  secondary 
beams  wiB  be  avaOabk.  (4)  North  west  of  cave  A  a  new 
radiotherapy  cave  k  planned.  It  wifl  have  direct  access 
from  a  new  bnilding  west  to  the  targt  hdl,  which  can  be 
nsed  for  the  medical  care  of  patients. 

For  the  radiothen^  program  the  development  of  an  ac¬ 
tive  three-dimensional  scanning  tedmiqBe  k  nnderway.  In 
a  first  step  it  had  been  demonstrated  that  a  homogeneons 
two-dimensional  dose  dktribntion  conld  be  achieved  with 
magnetic  scanning.  The  second  step  was  energy  variation 
of  the  SIS  and  the  beam  transport  system  on  a  pnke-to- 
pnke  bask.  It  was  also  shown  that  the  three-dsnenskmal 
dose  dktribntion  can  be  weB  controlled  nsing  the  PBT 
techniqne  to  spot  positron  emitters  prodneed  by  projcc- 
tBe  fragmentation  in  the  target  voliime  [5].  Fig.  5  shows 
the  dose  dktribntnm  in  a  plastic  block  (PMMA)  for  an 
beam. 


Pignre  5;  Dose  dktribntion  in  a  plastic  bkde  (PMMA)  for 
an  '*0  beam  with  fonr  different  energies. 
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turns  and  extracted  in  a  single  tm. 


A  program  of  taprovements  to  increase  intensity  and 
improve  relialHlity  of  the  Los  Aiamm  Proton  Storage  Ring 
(P^)  has  been  under  wi^  fat  several  years.  Reductioo  of 
aored  beam  loss  rates  1^  a  ftctor  of  4.6  since  1987  through 
ex|doilation  of  hyection  has  allowed  die  average  intensity 
to  increase  by  a  fiKtor  of  two  to  73  pA.  Reliability  of  the  PSR 
rod  assodated  beam  delivery  systems  has  been  improved  by 
extensive  rework  of  numerous  subsystems.  Radiatioo 
protectioo  has  been  improved  by  additiooal  shielding  of  Line 
D  and  extensive  use  of  relatively  fiul-safe  radiation  detectors 
incorporated  into  an  improved  radiadon  security  syston. 

I.  INTRODUCTION 


A.  Beam  Losses 


The  requirement  for  hands-on-maintenance  limits 
localized  lossm  (over  distances  of  ~1  m)  to  about  100-200  nA 
average.  For  the  loss  patterns  in  PSR.  this  implies  keqiing  the 
total  losses  to  less  than  300  nA. 


Figure  I.  Layout  of  injection  region  m  die  PSR. 


PSR  was  designed  as  an  800  MeV  pulse  compresstx'  ring 
to  accumulate  a  large  fractioo  of  a  LAMPF  macropulse  (-800 
ps)  and  provide  diort  (0.23  ps),  intense  pulses  to  a  spallation 
nmilron  target  After  two  years  of  commissioning  and  initial 
operation,  the  limitations  on  pofotmance  due  to  beam  losses 
a^  hardwve  reliability  were  evident  Radioacdvation  of  die 
rtaig  components  limited  the  average  current  to  about  30pA. 
Pedc  inlensity  was  aid  still  is  limited  to  -3.3x10^^  protons  per 
pulse  by  a  transverse  instability,  now  thou^t  to  be  caused  by 
coupled  e-p  oscillations.  [1]  Concerns  about  the  adequacy  of 
the  shielding  reqnired  excision  of  users  from  die  LANlk^E 
(Los  Alamos  Neutron  Scattering  Center)  experimental  hall 
(ER-1)  wdien  beam  was  on.  Overall  beam  availability  on 
target  was  -33%  (1988)  and  judged  to  be  inadequate  for  a 
natiooal  users  program. 

By  1988,  the  mechanisms  for  the  stored  beam  losses  had 
been  identified,  the  potential  ftir  significant  improvement 
recogniaed,  and  m  improvement  program  initiated  which  had 
as  its  main  goals  safe,  reliable,  100-pA  operation  at  20-Hz 
rqietition  rate.  Longa*  term,  thoe  was  the  possibility  to 
increase  die  repetition  rate  to  60  Hz  aid  thereby  achieve 
average  currents  up  to  300  pA. 

n.  INTENSITY  IMPROVEMENTS 

The  inida]  intend  upgrade  plan  was  to  first  exploit  H** 
injection  by  a  rnunber  of  incremental  improvements  and  an 
upgrade  of  the  H*  km  source  before  undertaking  more 
ftmdamental  and  cosdy  changes  to  PSR  injection  or  the  full 
qierture  extraction  vpipade. 

Injection  into  PSR  is  a  two-step  process,  as  depicted  in 
Figure  I.  The  800-MeV  HT  beam  is  completely  stripped  to 
m  a  high-field  stripping  magnet  dien  passes  through  a  hole  in 
die  ydee  of  a  ring  t^le.  The  H**  beam  strikes  a  200-mg/cm^ 
carbon  ftiil  where  most  of  it  (-93%)  is  stripped  to  if*'  and 
captioed  m  the  ring.  Bean  is  rocumulated  fiw  typically  1700 


*  Work  performed  under  die  auspices  of  the  U.S.  D.O.E. 


The  "slow”  beam-loss  current  is  well  described  by  two 
terms:  a  constant  term  (1st  turn)  proportional  to  the  injected 
current,  Ijn,  and  a  term  increasing  linearly  in  time  and 
proportional  to  die  stored  beam  current,  lin‘N(t),  where  N  is 
the  number  of  turns  injected.  The  losses  of  0.2-0.3%  (m  die 
first  turn  after  injection  are  now  thought  to  be  predominately 
caused  by  pitxhution  of  excited  states  of  H**  with  principle 
quantum  number  ^  3,  which  subsequently  strip  part  way 
diroo{^  the  fringe  field  of  die  first  di^le  downstream  of  the 
stripper  foil  and  frdl  outside  die  acceptance  of  the  ring.  [2] 
Stm^  beam  losses  arise  primarily  from  nuclear  and  Coulomb 
scattering  of  die  protons  through  repeated  traversals  of  the 
stripper  foil  and  fitmi  the  increase  in  beam  size  due  to  the 
increase  in  momentum  spread  produced  by  action  of  the  RF 
bundier.  [3] 

The  key  to  reducing  the  stored  beam  losses  is  to  minimize 
beam  scattering  at  the  stripper  foil.  Most  options  for 
increasing  the  current  aim  to  reduce  the  number  of  times  the 
stored  protons  hit  the  foil;  many  use  an  improved  scheme  of 
l^iase-space  "painting”  at  injection  to  reduce  foil  hits. 

B.  Exploitation  of  IP  Iryection 

Offset  injection  in  the  vertical  plane  exploited  the  unfilled 
vertical  acceptance  in  the  PSR  and  used  betOron  oscillations  to 
paint  in  the  (y,yO  phase  plane,  as  shown  in  Figure  2.  The 
stripper  foil  material  need  only  cover  the  area  of  die  beam; 
any  extra  foil  material  adds  to  die  losses  by  intercepting  more 
of  the  stored  beam.  To  exploit  this  idea,  a  minimum  area 
carbon  foil  supported  by  diin  (3  micron)  carbon  fibers,  the  so- 
called  "postage  stamp"  foil,  was  developed  and  has  been  used 
successfully  for  several  years. 

Studies  of  beam  losses  as  a  function  of  the  betatron  tunes, 
and  Vy,  showed  increased  loss  when  crossing  the  3th-orda 
resonances.  Operating  below  die  3th-orda'  resonances 
reduced  die  stored  beam  loss  rate  by  about  30%. 

Halo  coUimation  concepts  were  studied  and  tests 
perfremed  widi  tungsten  scrapers  in  the  ring.  Preliminary 
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rasuMi  were  diiGoiBegii^.  Two  probtenn  were  recognized: 
())  ScMering  ftom  die  edges  of  the  acnper/coUimiior 
praduces  losses  ebewhere;  thus,  for  coUhnstors  to  be 
beneficial,  slh  scattering  must  be  less  thsn  the  losses  prevented 
eiseeAere  by  the  coUimator.  (2)  A  good  optics  bcati^  for  the 
Gt^imalor,  where  the  liinitiiig  apatun  (septam  magnet)  is 
shadowed  by  a  dispersk»-free  image  of  the  collimator,  was 
not  found  in  the  existmg  lattice. 


-IS  •  IS 


Y(«iw) 

Figure  2.  ¥,¥*  phase-space  ellipses  at  the  stripper  foil. 

Reductions  in  the  stored  beam-loss  rate  for  various 
measures  implemented  since  1987  are  listed  below. 


MeMure  Loss  ReAictioi 

Vertical  Offoet  Injection  ~1.7 

"Postage  Stamp"  Foil  ~1 .5 

Lower  Operating  Point  ~1.3 

Miscellaaeous  Improvements  ~1.4 

Overall  Improvement  ~4.6 


C  H" lanSowrce  Upgrade 

Injection  of  higher  peak  current  into  die  PSR  w  ill  reduce 
the  number  of  turns  needed  to  accumulate  a  given  charge  and 
the  nionber  of  foil  traversals.  Development  of  a  volume  H* 
source  wtdi  twice  die  peak  intensity  and  half  die  emhtance  of 
die  present  cu^fieid  source  was  judged  to  be  feasible  and 
conridmed  to  be  the  most  cost-effective  next  step  toward 
mcreased  intensity.  It  has  the  added  benefit  of  reducing  the 
linac  duty  foctor  needed  to  serve  die  LANSCE  program.  A 
nuyor  effort  is  undor  way  at  Los  Alamos  to  test  and  evaluate 
two  promising  options  (a  design  from  Berkeley  and  a  version 
of  die  BNL  design  engineered  fx  high  duty  factor  operation) 
and  the  use  of  RF  to  excite  the  source  plasma.  Results  to  date 
are  mcouraging;  details  can  be  found  in  a  companion  paper  at 
diis  omference.  [4] 

D.  Direct  H"  Injection 

The  injeetkm  method  at  die  PSR  suffers  from  two 
problems:  growth  of  emittance  (factor  of  ~3)  in  die  bend  plane 
of  die  strippei'  magnet  and  die  large  horizontal  mismatch, 
whidi  arises  ftom  fundamental  constraints  (small  beam  qiot 
size)  at  die  stripper  magnet  and  lade  of  flexibility  in  tuning  die 
bem  parameters  at  the  injection  foil.  A  way  around  both  of 
these  difikulties  is  to  iiyect  die  H'  directly,  as  shovm  in  die 
proposed  layout  of  Figure  3. 

The  IT  beam  enters  a  low-field  (0.38  Tesla),  6"  dipole  in 


the  ring  at  a  poshion  and  an|^  sudi  that  it  will  emerge  on  the 
same  tnyect^  as  the  stared  beam.  A  foil  stripper  to 
convert  H*  to  HT**  fidlows.  Ehmip  magnets  m  the  ring  provide  a 
pn^rammed  closed-orbh  bump  fiir  optunized  nyection 
pamting.  Some  H°  will  anenp  ftom  the  strfoper  foil;  m 
addition,  some  H*  will  miss  the  foil  and  be  strfop^  to  in 
the  frii^  field  of  die  ring  dfoole.  Provisions  are  made  to 
transport  both  H**  beams  to  die  existing  (P*  dump.  Of  all  the 
upgrades  considered,  die  direct  H*  injeetkm  option  was 
expeded  to  provide  the  greatest  reduction  in  beam  losses,  but 
la^  of  fund^  has  prevented  its  imptemerUation. 


Figure  3.  Layout  for  direct  H*  injection. 


£  FuU-Aperture  Extraction 

The  horizontal  acceptance  of  the  PSR  is  limited  by  the 
existing  extraction  system;  50%  more  horizontal  apoture  (2 
times  larger  horizontal  idiase  space  acceptance)  is  available 
with  more  powerful  extraction  kickers.  The  laigo-  aperture 
would  have  diree  main  advantages:  more  of  dm  beam  scattered 
in  the  foil  can  be  captured,  thus  reducing  losses;  injection 
painting  can  be  made  more  effective  in  keeping  the  beam  off 
the  foil  with  eithre  (P*  or  direct  H'  injection;  and  die  increased 
horizontal  beam  size  will  reduce  the  bem  density  and 
associated  space-diaige  effects. 

RAD  was  started  on  a  ferrite  kicker  system  that  wmiJd 
provide  the  larger  kick  needed  for  frill-apeiture  extraction.  A 
prototype  pulscr  was  designed  and  frriirication  begun  but  was 
halted  just  sh(»t  of  completion  fw  lack  of  funds. 

in.  RADIATION  PROTECTION  UPGRADES 

Shielding  and  radiation  proteetkm  issues  have  been  mong 
the  most  difficult  problems  to  solve,  in  part  because  of  die 
difficulty  in  developing  lasting  criteria  in  an  oivironment  of 
changing  standards,  but  also  because  shfelding  retrofits  are 
very  difficult  and  expensive  in  the  highly  built  iqi  area  around 
Line  D  (the  H*  transfru'  line)  and  LANSCE.  It  would  have 
been  far  easier  and  less  costly  to  provide  more  shielding  in  die 
initial  construction  at  the  green-field  she. 

The  problems  originate  with  the  criteria  used  for 
construction  of  LANSCE  (WNR  at  the  time)  and  Line  D  bem 
transport  which  was  based  on  design  losses  of  0.04  nA/m 
(firactional  loss  2xl0^/m)  ftran  a  20-pA  bem.  Yielding  was 
designed  to  keep  dw  radiation  levels  in  occupied  areas  below 
2.5  mremyh  for  the  postulated  bem  loss.  Bem-loss  monitors 
interlocked  with  the  bem  were  used  to  shut  off  the  bem 
quickly  in  the  event  of  errant  bem  spills.  The  criteria  were 
accepted  at  Los  Almos  at  die  time.  The  difficulty  with  diese 
criteria  is  the  metensive  (critics  claim  excessive)  reliance  on 
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iMinaMaMicM  l»  pNMM  leM  doMS  in  ite  event  of  •  wortt* 
oMik idl-foww bwnipilL  Should tbe  taHtramenMioo  fiul 
duriit  *  fliB-poewr  doM  lalee  at  Ugh  as  lO-SOxlO^ 

•VIBrB  Hw  POBUDHr  vK  ONP  IBIVIIhHS  whhW  KOr  ^Dfl0Hn^DflllB6 

Ingfea  of  thne.  Much  ^  the  Liae>D  diieldhtg  was  not 
upgndad  wiA  the  advent  <tfdM  PSR  and  an  upgraded  WNR. 

bnpcovenient  radhiian  prateetko  qratens  proceeded 
on  aev^  ftonts.  RdialdHty  of  tte  active  protection  syraem 
was  gnady  enhanced  by  the  development  and  hnpknieitfation 
of  a  thieshfatyerod  radiatioo  interlock  q^atem  conshdng  fiul* 
Mdb  beam  cunent  lanhen  ftr  the  nocmaliy  low-cunent 
poctiona  of  Line  D,  ftil-eafe  spiS  monilon  for  all  beam 
tanneh.  and  neutron  radiation  detectors  in  occupied  areas. 
These  wen  incorporated  into  an  improved  radiation  aecmity 
and  beam  afaut>off  systeaL  LAMPF  prompt  radiation 
protectioo  criteria  were  developed  that  called  for  a  noo*ledial 
cap  on  die  maximum  potential  doses  possible  in  occupied 
areae  under  worst-case  accident  scenarios,  inctuding  foilure  of 
all  the  protection  inatiumenlatioo.  A  comprehensive  diieldiag 
assessment  was  undertaken,  which  inciuded  extensive  bemn- 
spill  tests  of  shidding  eflbctiveaess.  Most  importantly,  nuyor 
Pigmentations  die  shielding  were  ar^ilemented  in  Line-D 
udwre  it  pasaes  over  the  LANSCE  experimental  room  (ER-1) 
and  hi  the  region  around  the  proton  beam  transport  (IL  Line) 
just  bdbre  the  beam  enters  die  LANSCE  target  (see  Figue  4). 
More  shielding  was  added  over  die  Line-D  tunnel  undo*  a 
heavily  traveled  road ,  and  at  the  Line-D  entrance  maae  to  the 
beam  switchyard. 

Plan  View 


The  moat  pressing  radiation  protection  issue  remaining  b 
the  cornimiing  need  to  exchide  personnel  access  to  ER-1  widi 
beam  on.  The  shieldhig  added  to  the  target  cell  was  not 
suffickaS  to  reduce  die  potential  kveb  in  ^-1  from  a  foil- 
power  bemn  qiill  to  below  too  rem/h,  as  can  be  seen  from  the 
data  dbidi^ed  in  Figure  S  frir  a  qnll  at  the  top  of  dm  90"  bend. 
Calculation  indicale  diat  spUb  further  down  the  bead  lead  to 
even  hi^ier  levds.  Hme  and  frmding  limhatioas  prahM  a 


retrofit  dmt  would  reduce  the  potential  haand  to  leveb  that 
permit  occ^MBi^  while  beam  b  OIL 


power  spill  (from  data  scaled  to  a  lOOpAspilO. 

rV.  RELIABILITY/AVAILABILITY 

Availably  of  the  PSR  and  the  LANSCE  beam  ddiveiy 
systems  has  improved  gready  sinoe  198t  through  extensive 
rework  of  niunerous  subsybems,  inclnding  magnet  power 
supidies,  deknized  water,  vacuum,  pabed  power,  beam 
diagnostics,  and  oonqniter  controb  systems.  Overall  avail- 
abilhy  of  beam  (inchiding  the  Ikac)  to  the  users  rose  from 
~SS%  in  1988  to  -75%  in  1989  but  has  declined  to  -65%  in 
the  past  two  years,  primarily  because  of  declining  availabi% 
of  the  Ikac.  The  situation  b  complicatod  but  b  essentially 
caused  by  fundu^  shortfidb  fix’  the  LAMIT  nuclear  physics 
program,  which  frmds  die  operation  of  the  linac. 

V.  CONCLUSIONS 

We  conclude  that  there  are  no  tedmical  barrieis  to 
reliable,  100  pA  operation  of  wUch  b  die  smne 
conchiskn  reached  by  the  external  PSR  Review  Board.  The 
menu  of  proposed  improvemoib  contains  enoi^  to  reach  the 
goal  We  admowb^  the  contributions  of  the  entire  PSR 
devekpmein  arul  operations  staff  k  the  progress  to  date. 
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We  lepoei  on  fint  experience  with  colliding  electron 
end  proton  beeme  b  BE^  (  eee  alao  [2]).  b  1992,  the 
first  year  of  operation,  HERA  has  delivered  some  60(n6)~* 
of  e-p  Liuninoaity  to  the  e^fterimaits  HI  and  ZEUS.  The 
beam  energka  amounted  to  2tGeV  and  820CreK.  A  max¬ 
imum  luminosity  of  2.2  •  10^em~’s~^  has  been  achieved 
by  colliding  a  tram  d  nine  electmt  bunches  against  nbe 
proton  bunches.  A  complete  collectkHi  of  data  is  contained 
in  reference{l].  The  beams  could  be  brought  bto  and  held 
in  ct^iabn  without  problems.  The  lifetime  of  the  proton 
beam  in  collirion  is  as  long  as  50h.  This  requires  both  care¬ 
ful  matching  of  the  riectron  and  proton  beam  cross  sections 
and  also  that  the  two  orbits  coincide  within  a  0.2ir  beam 
aise  at  the  interaction  point.  The  proton  beam  suffered 
a  beam-beam  tune  shift  of  up  to  AQm  s;  0.0018.  This 
is  close  to  the  limit  which  was  assumed  in  the  design  of 
HERA.  Nrmetheleas,  there  is  only  little  degradation  in  the 
proton  beam  quality  b  collision.  Under  these  conditions, 
the  proton  beam  fills  could  be  stored  and  be  made  available 
for  collision  for  some  24h  in  HERA. 

I.  Introduction 

On  October  20,  1991,  a  480GeV'  proton  beam  and  a 
12GeV  electron  beam  have  been  collided  for  the  first  time 
in  the  double  storage  ring  HERA.  Good  colliding  beam 
conditions  had  been  accomplished  in  the  last  weeks  of  1991 
so  that  the  the  machine  could  be  made  available  for  a  lumi¬ 
nosity  production  run  in  1992.  Operations  started  with  a 
test  run  during  which  the  procedures  to  iigect  into  the  ma¬ 
chine,  to  accelerate  the  beams  to  full  energy  and  to  bring 
them  bto  collision  were  established  and  set  up  for  routbe 
operation.  The  two  experiments  ZEUS  and  HI  were  able 
to  start  data  taking  almost  immediately  after  the  start  up 
on  May  31.  This  test  run  was  followed  by  a  7-week  pro¬ 
duction  run  b  the  fall  in  which  the  experiments  collected 
approximately  53(nk)~*. 

There  were  a  number  of  concerns  durbg  the  design  of  the 
double  ring  electron-proton  collider.  Above  all  was  the 
question  about  the  stability  of  the  proton  beam  when  col¬ 
liding  with  a  high  intensity  electron  beam.  Other  inter¬ 
esting  questions  were  also  how  diflScult  is  it  be  to  bring 
the  two  beams  into  collision,  and  how  to  maintain  stable 
operation  during  collision. 

Meanwhile,  answers  to  these  questions  are  available  which 
are  discussed  below. 

The  scope  of  this  rqwrt  will  be  as  follows; 

In  the  first  section  we  will  summarise  the  parameters  and 
the  results  of  the  1992  luminosity  run. 


In  the  second  section  we  will  discuss  practical  aspects  of 
electron  proton  collision  sudi  as  beam  finding  algorithms, 
stability  and  reproducibility  d  odliskm  orbits. 

Fbally  we  will  analjrae  the  proton  beam  stability.  We  dis¬ 
cuss  the  relevant  parameters  and  we  will  make  comparisons 
with  predictbns. 

We  will  conclude  with  a  short  outlook  on  1993  beam-beam 
operati<Mt. 

II.  Overview  of  the  1992  Luminosity  Operation 

The  luminosity  operation  b  the  fall  of  1992  included 
80  colliding  beam  runs.  620GeV  protons  collided  with 
26.6GeV  electrons.  Each  run  lasted  on  average  ~  5h.  A 
total  luminosity  of  53(nk)~‘  has  been  accquired  by  each  of 
the  two  experiments.  The  operation  was  limited  to  nine 
colliding  bunches.  A  tenth  proton  and  electron  bunch  re¬ 
spectively  were  also  present  to  allow  for  background  dis¬ 
crimination.  The  reason  for  the  restriction  to  a  relatively 
small  number  of  colliding  bunches  (design  value  is  210)  was 
origbally  to  ease  the  start  up  of  the  experimoit  especially 
in  view  of  the  complex  triggn  system.  Later,  however,  it 
turned  out  that  the  beam  intensity  of  the  electrons  was 
limited  to  s:  3mA  due  to  a  breakdown  of  the  beam  life¬ 
time.  This  problem  was  only  resolved  by  the  end  of  ths 
year  by  exchanging  a  small  section  of  beam  pipe. 

The  bunch  intensity  of  the  proton  beam  was  limited  by 
the  preaccelerators.  In  1992,  bunches  with  up  to  3  •  10*** 
pretons  have  been  delivered  by  PETTRA,  this  is  about  30% 
of  the  design  goal. 

For  other  parameters  it  could  be  demonstrated  that  the 
design  goals  can  be  reached. 

The  transverse  ranittance  of  the  proton  beam  suffered  in 
some  cases  from  a  horisontal  excitation  which  increased 
the  transverse  beam  size.  This  is  why  average  and  best 
achieved  values  of  the  proton  emittance  differ  by  a  factor 
of  more  than  two.  The  values  of  the  ^function  have  been 
increased  intentionally  for  the  electron  beam  whereas  they 
have  been  squeezed  beyond  the  design  values  for  the  pro¬ 
ton  beam.  The  reason  is  to  obtain  a  better  match  of  the 
beam  cross  sections,  which  turned  out  to  be  crucial  for  the 
proton  beam  stability.  This  will  be  discussed  below. 

The  specific  luminosity  which  was  obtained  with  these  pa¬ 
rameters  exceeded  in  some  cases  the  design  goal.  In  all 
cases,  the  specific  luminosity  as  measured  by  the  luminos¬ 
ity  monitor  (see  below)  compares  well  with  the  values  cal¬ 
culated  from  the  measured  beam  dimensions.  The  stability 
of  operations  is  reflected  in  the  fact  that  the  specific  lumi¬ 
nosity  remained  nearly  constant  over  a  whole  luminosity 
run  of  5h.  This  indicates  that  there  were  no  difficulties  to 
bring  the  beams  into  collision  and  to  maintain  good  con- 
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Tri>la  1:  t*araiBa^  01*  the  1992  turoinoaity  Run 


Mean 

Best 

Coal 

Beam  £iiergy/<jreV 

Efoctroos 

26.6 

26.6 

30. 

Protons 

820 

8M 

820 

Number  of  Bunches 

9 

9 

lio 

3.3 

4.3 

2.5 

3.2 

10 

Emittance 

0.015 

0.0062 

0.007 

ef^/ummun 

0.015 

0.0046 

0.007 

ea,«/irmrmm 

0.039 

0.039 

0.039 

Ca.t/irmrmm 

0.002 

0.002 

0.002 

/^Fimction  Values  at  IP 

7.0 

7.0 

10.0 

fit*/”* 

0.7 

0.7 

1.0 

A../n» 

2.2 

2.2 

2.0 

A../»n 

1.4 

1.4 

0.7 

Beam  Size  at  (P 
e,,/mm 

0.324 

0.210 

0.265 

o„/mm 

0.102 

0.052 

0.084 

0.29 

0.29 

0.27 

a^jmm 

0.053 

0.053 

0.036 

Beam-beam  Tiineshift/IP 

0.0007 

0.0009 

0.0013 

0.0004 

0.0005 

0.0010 

AQ«,. 

0.003 

0.011 

0.018 

0.007 

0.020 

0.020 

Luminosity 

per  Bunch  (10**cm“’s“*] 

1.2 

2.4 

7.14 

Spec.  [10**cm“*5“*mA“*] 

2.3 

4.4 

3.4 

III.  Operational  Aspects  of  e-p  Collisions 

Routine  operation  could  be  established  after  a  few 
weeks  of  colliding  beam  operation.  The  following  played 
an  important  role  in  this  successful  start  up 

•  Beam  Position  Pickups  Available  Close  (7m)  to  the 
IP 

•  Availability  of  Fast  Luminosity  Monitoring 

■  Reproducibility  of  Collision  Orbits  after  a  Magnetic 
Cycle 

Pairs  of  capacitive  pickups  are  located  on  both  sides  of 
the  interaction  points.  The  position  of  the  two  beams  is 
measured  independently  (one  after  the  other).  Due  to  the 
reproducibility  of  the  beam  orbits  within  0.1mm  for  a  par¬ 
ticular  setting  of  the  magnets,  this  measurement  allows  us 
to  bring  the  two  beams  as  close  as  1  —  2er  of  the  beam 
cross  section.  This  can  be  repeated  for  many  magnetic 
cycles  before  a  new  set  up  becomes  necessary.  The  or¬ 
bit  of  the  protons  need  some  120mtn  to  become  stable 


after  thermal  equiltbrinm  is  resided  in  the  ntHrmal  eon- 
dueting  magnets.  The  fine  Peering,  to  obtain  complete 
overlap  between  the  beams,  is  performed  by  observing  the 
rates  from  the  lumimisity  monitors.  This  device  dHects 
Bremsstrahlung  emitted  by  electrons  scattered  at  the  pro¬ 
tons.  The  off-energy  electron  is  detected  in  coincidence. 
Beam-gas  Bremsstrahlung  is  discriminated  by  the  use  of 
a  non-colliding  electron  bunch  (see  abo  [3]).  Every  SOsec 
these  moniUws  provide  a  luminosity  value  with  a  precision 
of  s:  4%  (for  luminosities  in  the  range  oi  10^cm~*«~‘). 
Optimum  colltsioe  orbits  are  found  quickly  (20mtn)  fay 
horiiontal  and  vertical  scans  using  closed  orbit  bumps. 
The  life  time  of  the  proton  beam  usually  drops  from  60A 
to  1  -  5  hours  during  this  scan.  A  few  pacent  of  beam  loss 
is  taken  into  account.  In  case  the  beams  are  separated  by 
several  <r,  finding  the  collision  orbits  was  eased  by  observ¬ 
ing  and  maximising  the  betatron  frequency  signal  from  one 
beam  in  the  transverse  spectrum  of  the  other  beam.  This 
becomes  a  good  collision  monitor  if  the  excitation  signal 
for  one  beam  is  used  as  a  reference  for  the  lock-in  ampli¬ 
fier  of  the  beam  signal  of  the  other  beam  [5].  Due  to  the 
good  orbit  reproducibility  this  more  sophisticated  method 
was  only  rarely  used  in  routine  operation.  During  a  collid¬ 
ing  beam  run,  the  beam  orbits  drift  only  very  slightly  and 
slowly.  Manual  corrections  from  time  to  time  turned  out  to 
be  adequate.  This  behaviour  is  expected  from  estimates  of 
diffusive  ground  motion  which  predicts  a  separation  of  lo’ 
after  lOA.  (using  the  ATL-law  [6]  with  <  >=  A-T-L, 

where  A  =  ^  i*  l>>ne  and  L  the  value 

for  a  /9-tron  wavelength  in  HERA).  EIxperience  shows  that 
dynamic  beam  separations  are  not  important  for  HERA. 
This  is  in  agreement  with  earlier  investigations  [4]  which 
predicted  a  separation  of  only  0.1^  due  to  magnet  vibra¬ 
tions,  the  most  prominent  contribution. 

IV.  Stability  of  the  Proton  Betun 

The  crucial  issue  in  e-p  interaction  is  the  stability  of 
the  proton  beam  in  collision.  Due  to  the  lengthy  cycling, 
injection  and  ramp  procedure  of  the  proton  machine  (min¬ 
imum  turn  around  time  is  60mm)  proton  beam  lifetimes  of 
mote  than  20h  are  required.  Proton  lifetime  is  also  corre¬ 
lated  with  the  background  picked  up  by  the  experiments, 
and  which  becomes  a  problem  if  the  lifetime  drops  below 
this  number. 

Necessary  conditions  for  good  proton  beam  lifetime  in  col¬ 
lision  are  to  keep  the  tunes  in  a  narrow  window  of  AQc,,  < 
0.005  at  the  working  point  of  Q,  ~  Qy  —  1  =  31.295  to  stiqr 
clear  from  the  nearby  7  —  th  order  and  10  -  th  order  reso¬ 
nances  at  31.286  and  31.3  respectively.  Besides  a  well  cor¬ 
rected  orbit  and  a  compensated  chromaticity  ({z,y  s:  -1-1) 
it  turned  out  to  be  important  to  compensate  the  width  k 
of  the  coupling  resonance  Q,  —  Q,  =  1  to  about  k  <  0.005 
in  order  to  place  the  working  point  close  to  the  main  diag¬ 
onal  in  the  tune  diagram. 

The  most  impOTtant  parameter  for  achieving  high  proton 
beam  stability  in  collision,  however,  was  found  in  the  ratio 
of  proton  and  electron  beam  sizes. 

If  the  electron  beam  cross  section  is  considerably  smaller 
than  the  proton  beam  size,  the  proton  beam  life  time  may 
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4mv  bjr  iH»  Mfdin  of  mipHiifh  (ttqm  lOM  to  Ik)  for 
jwjin  \mm  tUM  abift  valiM  m  moderate  aa  AQ  s  0.001. 
SiwbaibrtabawtbaaBobaamdaariiar  IB  the  collider 
{l|.  Ul,BEftA,  the  haam  optica  haa  heea  modiM  io  aev- 


Figute  1:  p-Beam  Lifotime  for  difierent  e/p  Beam  Croce 
Sectiona,  Beam-Beam  Thneahifts  AQ^^  ~  0.0015;  from  up 
to  down: 

ffftftfftm/t  —  0.41/0.12/0-fV0-033ntm  — » =  0.55 
=  0.41/0. 12/0.29/0.07mm  -»  r,  =  105 
9pm/n/*mf*t  =  0.33/0. 10/0.29/0.070mro  — » r,  =  505 
~  0.21/0.05/0.29/0.053mm  -*  =  1005 

eral  atepa.  At  the  coat  of  iaoeaaed  beam-beam  tune  ahift 
for  the  dectron  beam,  the  /T-functimi  valuea  of  the  electron 
beam  at  the  IP  have  been  inereaaed  by  aimoat  a  factor  of 
two  and  the  oaea  ci  the  proton  beam  have  been  reduced 
by  30%.  At  each  atep,  conaiderable  improvement  of  the 
proton  beam  lifetime  was  achieved  which  ia  illustrated  in 
Figure  1. 

Attempts  have  been  made  to  understand  this  behaviour. 
Enuttanoe  growth  ratea  have  been  calculated  for  protons 
colliding  with  an  electron  beam  in  HERA[9].  A  tune  mod¬ 
ulation  dt  10~’  (which  is  smnewhat  stronger  than  »pected 
from  magnet  poarer  supply  ripple)  leads  to  strong  threshold¬ 
like  enhancemoit  of  emittanee  growth  for  particles  with 
oscillation  ampUtudes  larger  than  two  standard  deviations 
of  the  electron  beam  cross  secUrm. 

Simulations  of  collision  of  protons  with  a  flat  electron  beam 
=  2.75  X  <ry,«)  have  beoi  perfmmed  which  include  os¬ 


cillatory  aa  awU  aa  random  tune  The  remit 

is  also  a  rather  strong  enuttanee  growth  few  protons  with 
amplitudes  larger  than  the  dectron  beam  sise.  This  anal¬ 
ysis  at  least  qualitativdy  explains,  what  w  observed  in  e-p 
collision. 

Another  important  ingredieBt  of  good  operating  con¬ 
ditions  is  that  the  two  beams  are  wdl  centered  with  re¬ 
spect  to  each  other  at  the  interaction  point.  We  eatimate 
the  critical  value  for  transvme  beam  separation  to  be  in 
the  order  of  0.2a  which  correapmida  to  aiwut  (10-20)/(m. 
For  larger  values  we  observe  reduced  proton  beam  lifetime. 
This  is  explained  with  the  enlargement  the  width  of  the 
nearby  7-15  order  resonance.  An  edimate  of  the  maxi¬ 
mum  tolerable  separation  of  the  emittanee  growth  thresh¬ 
old  for  large  amplitude  protons  (8<r«)  on  the  7th  order  res¬ 
onance  results  in  a  separation  of  only  0.1(r«  (assuming  a 
round  electron  beam  and  a  50/f  r  tune  modulation  with  a 
depth  of  0.001).  Due  to  this  effect,  the  process  of  bringing 
the  beams  into  collision  is  critical  and  delicate.  However, 
beam  loss  and  emittanee  growth  can  usually  be  avoided  by 
careful  adjustment  of  the  tunes.  The  optimisation  proce¬ 
dure  should  not  take  more  than  about  20min  which  was 
usually  the  case. 

V.  Conclusion 

HERA  had  a  successful  start  up  of  luminosity  aptr- 
ation.  No  unpleasant  surprises  have  been  encountered  in 
electron  proton  collision  and  beam-beam  interaction,  trp 
collinons  are  delicate  but  wdl  under  control.  All  effects  ob¬ 
served  so  far  can  be  understood,  at  least  qualitativdy,  by 
dngle  particle  models  of  the  motion  of  the  proton  beams. 
In  the  just  starting  1993  operation,  84  bunch  pain  are 
being  collided.  We  expect  a  considerable  increase  of  lumi¬ 
nosity  in  the  near  future. 

REFERENCES 

[1]  W.  Bialowons,  in  Proceedings  of  the  HERA  Seminar 
1993,  Bad  Lauterberg 

[2]  B.  Wiik,  this  conference 

[3]  S.  Levonian,  DESY  HERA  92-07  (1992)  ZEUS  Lumi¬ 
nosity  Monitor  Group,  DESY  92-065  (1992) 

[4]  J.  Rossbacb,  DESY  89-023  (1989) 

[5]  S.  Herb  and  F.  Zimmermann,  Proc.  of  the  XV  Int. 
Conf.  on  High  Energy  Acc  Hamburg  (1992),  p227 

[6]  B.A.  Baklakov  et  al,  INP  Novosibink  preprint  91-15 
(1991) 

{7}  R.  Brinkmann,  DESY-HERA  89-24  (1989) 

[8]  L.  Evans  and  J.  Gareyte,  Cern82-8)(D1-MST)(1982) 

[9]  F.  Zimmermann,  theus,  University  of  Hamburg 
(1993)  unpublished 


3744 


The  DevtJopment  of  a  n'oCotype  Mnlti-MeV  Etoctron  CooKng  System' 


D.  Andanoo,  M.  Ball,  D.  CauaayB,  T.  filliaoo.  B.  Hamiltaa,  S.  Nafaitaav,  P.  Sdiwaadt 
ladtana  Uaivanity  Q^dotfoa  Facility,  2401  Milo  Saiwpaoii  La,  Moomiimoe,  IN  USA  47405 

I.  Adaay,  J.  Peny,  M.  Simdtyiiat 

The  Natioiiid  Beetraalatka  Coipofiriioe,  Grdber  Rd,  Middletoe,  WI  USA  53S62 

D.  Reiatad 

Tha  Svadbarg  Labontoiy,  Box  533  S-751  21  Uppaala  Sweden 
M.  Sedlaoek 

The  Altyaa  Laboiatofy,  S-lOO  44  Stockholm  Sweden 

AbMna  n.  BBAMUNE  DESIGN  AND  OFUCS 


Next  genetalioo  electron  ootdiag  tyatenw  require  a  multi- 
MeV,  2  A  DC  dectron  beam  aouroe.  Such  electron  cooling 
tyatema  can  reduce  the  emittancea  of  proton  and  heavy  ion 
baama  leading  to  ooneaponding  incraaMa  in  luminoaity.  Hie 
tecfandogjr  needed  to  produce  die  neceaaaiy  DC  electron 
baama  ia  being  developed  by  the  L^EBEC  group  and  teated  at 
the  Natknnl  Electroatetica  Coipontion  (NEC).  Thia  pqier 
will  outline  the  deaign  conaideratiena  behind  the  tyatem, 
improvementa  made  over  previoua  qratema  and  the  current 
atatua  of  die  prcyect 

I.  INTRODUCTION 

Although  electron  cooling  haa  now  become  a  roudoe  tool 
m  maty  bdioratoriea,  ita  uae  haa  been  reatricted  to  lower 
energy  acceleiaton  (<500  MeV).  Thia  ia  unfortunate,  aa  it 
could  prove  to  be  very  eflecdve  in  higher  energy  aooeleratora 
aa  w^.  Fbr  example,  the  emittance  of  foUy-atripped  7 
GeV/nudeon  gdd  beiuna  in  die  propoaed  PS  collider  (KEK 
lab,  J^Mo)  could  be  reduced  by  an  order  of  mafoitude 
reauldng  in  a  foctor  of  10  increaae  in  the  machine  luminoaity. 
Other  exafflfdea  have  been  deactibed  in  a  previoua  paper  [1]. 
Above  eledron  energiea  of  about  500  keV  the  tniditimial 
approach  of  uaing  a  Cocknoft-Walton  power  auppty  and 
magnetjcdly-confined  electron  beama  becwnea  imptadical.  A 
Pelletron  electroatadc  accelerator  ia  well-auited  to  such  an 
qifdicatioe  requiring  die  aocdwation  of  dectron  beama 
widioot  aubaequent  emittaace  blow-iqi.  NEC  haa  made  dieir 
3  MV  teat  Priletran  cvailaUe  for  die  construction  and  testing 
of  a  prototype  2  MeV,  2  A  DC  electron  recirculation  system. 
An  inmease  in  energy  above  2  MeV  should  not  pose  a 
proUem  once  it  would  involve  no  fondamental  changes  in 
technology.  The  goal  of  diis  project  is  to  devdqp  die 
technology  to  die  point  where  such  a  system  could  be 
purdiaaed  commerciaUy  and  used  as  a  tool  to  significandy 
enhance  accderator  performance. 


'ikis  wtitfc  WM  wpported  by  lha  TNRLC  uadar  gnata  ROFY9158  A 
ROinr925S.  Afhftiaaal  mpport  by  indiaaa  Unhr.  aad  NEC. 


A.  Design  Principles 

Figure  1  shows  the  heamlinn  layout  for  the  eiectron 
lecirculatioo  tyateni  teats  [2].  The  »<««««»««««  Joins  a  pair  of 
Pdletron  aocejeratioo/decderation  tubes  (not  shown).  Both 
the  dectron  gun  and  collector  are  located  inside  the  high 
vohage  terminal  of  the  PeUetron  accdecator. 


Figure  1.  Recirculation  test  tystmn  beamline. 

The  beamline  is  tymmetric  about  die  center  of  the 
quadrupole.  The  quadnqiole  strengdi  is  adjusted  to  make  the 
entire  180*  bend  adiromadc,  thus  relaxing  the  stability 
requimnents  for  die  dipde  magnet  powo-  siqiplies.  The 
dipole  magnets  have  a  fidd  index  n  =  'A  to  provide  equd 
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ftOTWwng IB botii the horizontaJaad vertical plaaM.  Tbeman 
aix  haamliiiB  airieaMds  ia  tba  teciiculatioo  teat  appantua;  one 
in  tba  acceleration  tube,  four  more  in  tbe  exter^  beamUae, 
and  die  laat  one  ia  the  decelefrtion  fobe.  Solenoidal  focuaain( 
waa  dioaeo  over  quadnipole  doubleta  or  tripleta  due  to  die 
beam  <ylindrical  aymmetiy  at  tbe  exit  of  tbe  PeUetron 
acceleration  tube. 

B.  Electron  Optics 

Tbe  optica  for  diia  beamliae  have  been  modelled  uaing  both 
a  veraioo  of  TRANSPC^T  [3]  which  includea  the  effecta  of 
apace  charge  and  SCAT  [4],  a  code  that  iategratea  the  Twiaa 
parametera  and  includea  the  ^focts  of  finite  apace 

charge  and  acceleration.  The  tranafer  line  producea  a  beam 
waiat  at  the  middle  of  foe  180"  bend,  and  the  beam  envelope 
shape  is  consequeody  symmetric  about  diat  point.  Figure  2 
shows  a  typical  optics  plot  obtained  from  SCAT.  Additional 
waists  occur  prior  to  the  first  dipole,  Bl,  and  after  the  second 
dipole,  B2.  The  position  of  these  foci  depend  somewhat  <m 
boun  current,  moving  slighdy  away  from  the  dipoles  with 
increasing  current.  A  set  of  clearing  electrodes  has  been 
placed  at  these  focal  points  to  sweep  away  any  ions  produced. 


Position  (m) 


F%ure  2.  Horizontal  and  vertical  beam  eavel<q)es.  The  slight 
asymmetry  is  due  to  the  quadrupole. 

As  the  beam  cuirent  increases,  space  charge  effects  require 
that  die  solenoid  field  strnogths  change  to  compensate  for  die 
resulting  defocussing.  Changes  in  focussing  must  occur 
smoothly,  to  allow  diem  to  follow  the  increasing  beam  current 
widwut  passing  through  a  point  where  foe  beam  can  be  lost. 
The  optics  are  also  constrained  by  the  maximum  solenoid  field 
stren^hs  and  periodic  1  inch  apertures  within  the  transfer  line. 

A  solution  was  found  that  utilized  S3  and  S4  together  (with 
S2  and  SS  off),  fw  the  full  range  of  expected  beam  currents. 
The  search  for  die  calculated  solenoid  settings  was  automated, 
and  carried  out  for  ovot  twenty  different  beam  currents.  The 
results  are  shown  in  Hgure  3,  where  the  solenoid  currents,  as 


a  fraction  of  tbe  w^iinimi  aolenoid  current,  are  (dotted  versus 
the  electron  beam  current.  Iliis  is  a  solinion  which  changes 
relatively  slowly  with  increasiag  beam  current,  and  aatisfies  all 
tbe  apfdicaUe  constraints.  This  is  also  a  ratber  ekgant 
solution,  conndering  that  die  total  number  of  beam  waists 
changes  from  S  to  3  as  the  electron  beam  current  varies  from 
0  to  2  A.  These  arttings  will  be  tabulated  for  nitomatic 
computo'  control. 


F^[iire  3.  Calculated  solenoid  currents  as  a  function  of 
electron  beam  current. 

m.  DESIGN  IMPROVEMENTS 

A.  General 

M”  y  changes  have  been  made  to  the  design  of  foe 
rec.  ation  test  systnn  as  it  first  aiqieaied  during  the 
UW/  C/FNAL  collaboration  [S].  A  mu^  greater  enqihasis 
has  been  placed  on  magnet  alignment.  The  magnets 
themselves  have  been  designed  qiecifically  for  this  (iroject, 
unlike  those  from  various  sources  for  the  previous  eiqmiment. 
They  have  all  been  carefully  fidd-miq^ed  aiKl  have  known 
focussing  prrqierties.  Hall  (irobes  located  inside  foe  dipoles 
will  ensure  rqiroducible  fields.  Clearing  electrodes  will  be 
placed  at  the  positimis  of  the  three  beam  waists  for  ion 
sweqiing  to  prevent  s]>ace  charge  nratralization  of  foe  beam, 
which  would  gready  affect  the  electron  ofitics.  There  will  be 
gready  increased  punqiing  ca{iabilities  available  from  a 
combination  of  non-ev^>orable  getter  (NEG)  and  ion  pum|>s. 
The  previous  system  had  no  ion  clearing,  and  much  less 
punqiing.  Other  inqirovements  include  better  radiation 
shielding  of  foe  Pelletron  itself  (to  reduce  SF«  icmization 
leading  to  premature  breakdown  and  voltage  instability)  and 
corona  needles  rqilaced  by  resistors. 
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B.  Diagnostics 


B.  Magnets  and  AUgnmatt  Structure 


Tlwra  are  a  total  of  eleveo  diagnoadc  statUMU  (5  horixootal 
and  vertical  nonintercq>ting  Beam  Position  Mcmitors  (BMds), 
2  NBC  vidre  scanners,  2  i^igle>pass  flying  wire  scannws  mid 
2  residual  gas  beam  profile  mmitors)  included  in  the  present 
design.  Hie  previous  ^stem  had  cmly  two  wire  scanners 
whidi  were  limited  to  operation  with  beam  curmts  bdow 
100  ftA.  due  to  high  beam  powm*  and  excessive  beam  loss. 
The  BPM’s  are  designed  to  qierate  over  the  full  range  of 
beam  currents  (<  20  /tA  to  2  A),  while  the  flying  wire 
scanners  have  a  currait  limit  of  200  mA.  For  higher  currents, 
a  residual  gas  beam  profile  monitor  is  being  developed.  Use 
of  these  monitors  will  enable  the  operators  to  verify  correct 
electron  qitics  throughout  the  transfer  beamline. 

C.  Enhanced  Collection  ^ciency 

High  collection  efficiency  is  important  for  three  reasons. 
First  of  all,  the  PeUetron  can  only  source  i^proximately 
400  iiA  (limited  by  charging  chain  current),  any  further  losses 
lead  to  a  droop  in  terminal  voltage  and  subsequmt  loss  of 
beam.  Secondly,  since  the  secondary  (backscattered)  beam 
will  have  a  much  larger  emittance  than  the  primary  (incidoit) 
beam,  it  can  lead  to  voltage  discharges  in  the  deceleration 
tubes  and  gas  desorption.  Finally,  any  beam  loss  will  produce 
x-rays  which  can  ionize  the  SF^  insulating  gas  and  lead  to 
prenuture  breakdown  and  voltage  instabilities. 

The  collector  design  incorporates  two  ^sterns  which 
prevent  nearly  all  the  badrscattered  electrons  from  die 
collector  from  re-entering  the  deceleration  tubes.  The  first  is 
a  standard  Faraday-ciqi  fype  collector  with  electron 
siqqnession  which  limits  the  backscattered  electron  current  to 
a  few  parts  in  10*  of  the  incident  beam  currmt.  This  collector 
is  preceded  by  a  SK)**  dipole  magnet  which  will  deflect  the 
remaining  backscattered  current  in  the  opposite  direction  of  the 
primary  currait.  The  insulated  vacuum  chambo*  for  this 
mt^net  will  thoi  serve  as  a  seomdary  collector,  collecting 
virtually  all  the  remaining  electrons. 

IV.  (CURRENT  STATUS 

A.  PeUetron  Accelerator 

The  PeUetron  accelerator  has  beoi  raised  to  aUow  for  semi¬ 
permanent  alignment  qiparatus  to  be  instaUed  beneath  the 
beamline.  A  two  foot  thick  concrete  vault  was  thoi  poured 
around  the  beamline  for  radiation  shielding.  The  electrical 
service  and  ground  end  feedthroughs  have  been  reconnected, 
as  weU  as  the  main  SF«  gas  transfer  line.  The  closed-loop 
charging  system  electrtmics  have  bem  reinstaUed,  and  the 
refuriiished  Ught  link  fiber  crmtrol  cable  has  been  connected  to 
die  terminal  electronics.  Once  the  control  ^stem  was  tested, 
the  Pdl^ron  column  was  cimditioned  (without  tubes)  to  2.3 
MV  in  iqqiroximateiy  1  hour. 


Hm  diperie  magnets  have  bem  assembled  and  field-mapped, 
and  dinr  vacuum  chambm  have  been  welded  and  leak- 
checked.  Two  of  die  four  external  beamline  solenoids  have 
been  assembled  and  field-mapped.  The  acceleration  tube 
lenses  (from  the  previous  project)  have  also  been  field- 
mapped.  Powo*  siqipUes  for  the  above  magnets  have  been 
procured  and  inataUed.  A  beamline  siqqwrt  and  aUgnment 
structure  has  been  designed  utilizing  standard  off-die-ahelf 
conqxmeats.  The  dipoles  and  quadrupole  wiU  be  mounted  <m 
a  single  ftame  and  have  die  capabUify  to  be  pre-aligned. 

C.  Diagnostics 

Components  for  the  Beam  Position  Monitor  (BPM) 
electrode  assembly  have  beoi  designed  and  partiaUy  procured. 
The  BPM  pre-anqi  and  aynchremous  detectimi  electronics  have 
been  protofyped.  The  pre-anqi  dectronics  for  the  residual  gas 
beam  profile  monitor  have  also  been  built  and  terted.  The 
single-pass  flying  wire  beam  profile  mcmitor  design  has  been 
simplified  and  comprments  have  been  procured  and  tested. 
The  conqniter  control  software  has  also  been  modified  and 
simplified. 

D.  Vacuum  Hardware 

The  majorify  of  the  off-the-shelf  beamline  vacuum 
components  have  beoi  procured.  The  NEC  pump  housing 
conqxments  have  beoi  fidmeated  and  await  welding.  The 
associated  NEC  power  suf^lies  have  beat  built  and  tested. 
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Abstract 

The  Bevalac  extraction  time  was  increased  from  1  to  a 
maxiraum  seconds,  thus  increasiag  the  synchrotron  duty 

and  the  data  rate  for  experimmits  by  a  Cactor  of  2-3, 
dqiendiog  on  the  magnetic  field.  This  slow  rate  of  extraction 
required  improved  control  of  beam  time  structure,  since 
magnet  rqjple  retnamed  approximately  constant  while  the 
rale  was  decreased.  Measurements  oi  spill  structure  for  the 
long  qrill  ate  presented.  Changes  made  to  the  accelerate 
systems  ate  described,  as  weU  as  tuning  procedures  found  to 
be  necessary,  and  the  ultimate  hardware  limits  found  for  the 
^length. 

I.  INTRODUCTION 

One  measure  the  effideacy  of  a  synchrotron  is  the 
"duty  focior”,  i.e.,  the  percent  of  the  pulse  cycle  time  during 
which  beam  is  being  extracted  for  the  use  of  the 
experimenters.  Until  My  of  1992,  the  duty  factor  of  the 
Bevalac  ranged  from  17%  at  foil  field  (12S7S  G;  2.09 
GeV/smu  for  Z/A»l/2)  to  25%  at  low  field  (2500  G;  0.161 
GeV/smu  for  ^Ab1/2).  The  noniud  pulse  cycle  included  1- 
1.5  seconds  for  extraction.  As  describe  in  this  pqter,  in  My 
the  timiQg  cycle  was  changed  so  that  for  all  Imt  the  highest 
ma^etic  fields  the  bemn  could  be  extracted  for  up  to  9.5 
seconds,  widi  die  test  of  the  cycle  undianged.  This  increased 
die  duty  fifKXor  to  34%  at  foil  field,  60%  at  10  kG,  and  80%  at 
low  fit^  a  factor  of  2  >  3.  The  increase  was  reflected  in  an 
increased  data  rate  for  mtperimenis  performed  in  the  last  few 
months  of  Bevalac  opecaito. 

The  circulating  beam  intensity  was  increased  in 
proportion  to  the  duration  of  extraction,  so  that  average 
miensity  remained  the  smne.  This  meant  diat  experiments 
abeatfy  osii%  die  fiiU  huensity  availaUe  from  die  source  coidd 
not  profit  from  the  longer  attraction  time.  In  practice,  this 
was  not  a  proUem  for  the  experiments  imming  when  the  long 
spill  capaNlity  was  avrilaUe. 

Ultimsaely  the  extraction  time  was  limited  by  hardware 
constraints.  These  are  described  in  Section  n.  In  Section  m 
we  dhcnss  measurements  of  the  tune  structure  of  the  extracted 
beam  for  the  old  (1  s)  qdll  and  the  long  sinll,  and  describe 
diai^  made  to  fe^D»ck  ^sterns  which  improved  this 
structure. 


*  Has  work  supported  by  die  U.S.  D.O£.  under  contraa 
«DE-AC03-76SP00098. 


n.  HARDWARE  LIMITS  TO  THE 
EXTRACTION  TIME 

The  stated  goal  of  this  project  was  to  extend  the 
extraction  time  to  9.5  seconds  for  main  synchrotron  fields  iq> 
to  10  kG.  Ifowever,  every  effort  was  made  to  increase  the 
duty  factor  fot  all  energies  to  the  limit  given  by  avulaUe 
hardware.  As  will  be  described  below,  the  com|dete  9.5 
second  spin  was  not  possible  for  fields  at  and  slightiy  below 
10  kG  due  to  motor-generator  syndironization.  but  the  duty 
factor  increases  cited  riwve  were  certainly  saffii^t  to  justify 
the  project 

The  limits  to  die  extraction  time  were  set  by;  (1)  main 
magnet  heating.  (2)  rms  input  power  of  the  motor-geaeraiors 
powering  the  main  mai^net  mid  (3)  synchronization  of  the 
motor  genoators.  The  first  of  th^  limits  refos  to  the  bet 
that  on  hot  days  die  main  magnet  was  not  adequately  coeded 
Ity  the  wind  tunnel-fan-cooling  tower  /stem,  and  for  any 
^Ids  above  7  kG  die  extraction  length  could  be  limited  by  the 
main  magnet  imnpeiature.  However,  given  the  climate,  this 
ocewred  rarely. 

Limits  (2)  and  (3)  refer  to  ctqiabilities  of  the  motor- 
generator  system.  The  main  magnet  for  the  Bevatron  was 
powered  by  two  12-phi^  half-wave-rectified  motor-generator 
sets  ^IG's)  widi  two  67  ton  flywheels  for  energy  storage.  Hie 
input  power  for  these  motms  was  limited  by  fabrication 
q)edfk»tion  to  3.3  MVA  pm  motor,  rms.  A  normal  value  fm 
the  power  foctor  was  0.8,  giving  a  limit  of  2.64  MW  pm 
motor.  It  proved  possible,  using  data  obtained  in  1949.  to 
calculate  quite  accurately  the  rms  power  required  of  the 
motms.  This  included  Metion  and  windage  losses,  powm 
losses  in  the  rectifim  ignitions.  I^R  losses  in  the  motms  and 
generators,  and  powm  loss  in  the  main  magnet  The  motor 
power  limit  affected  the  possible  extraction  time  for  fields 
above  about  12  kG,  limiting  extraction  time  to  5  seconds  at 
full  field. 

For  fields  between  about  8  kG  and  full  field, 
synchronization  of  the  two  motor-generators  provided  an 
unexpected  limit  on  the  extraetkm  time.  At  high  fields  (^7600 
G  for  1  s  spills),  the  powm  required  for  the  main  magnet 
exceeded  what  could  te  product  by  one  motor.  The  load 
was  thmi  balanced  between  the  two  motor-gmierators,  with 
uncomfortable  mechanical  consequences  if  a  sufficient 
imbalance  occurred.  Insufficient  opmating  time  was  available 
to  investigate  the  phenomenon,  but  somewhere  between  8  and 
10  kG  this  load  imbalance  began  to  occur  for  the  longm 
extraction  times.  At  10  kG  this  effect  limited  the  extraction 


3748 


tioie  to  <kS  wcondi.  The  hMd-talancing  wm  performed  by 
the  "Knmer  sytoem”,  a  system  of  two  intotion  motor- 
genctalots  used  to  sapfdeoMnt  poww  from  the  public  power 
line  whea  flywheel  sp^  dropp^  (taving  pesk  power  use.  It 
was  hypothesized  flutt  this  sysMn  could  not  siqiply  enough 
power  fbr  long  pulses.  Since  the  motors  would  slow  at 
d^htly  MSeaai  itoes,  this  would  lead  to  a  phase  difference 
between  the  two  MGt,  creating  a  load  imbaliBce. 

It  should  be  noted  that  at  low  fields  the  extraction  time 
CQidd  have  been  attended  finther  than  9.5  seconds.  This  was 
not  attonpied,  but  the  only  limiotions  revealed  by  our  work 
were  the  amount  of  chvge  available  firom  the  source,  and,  at 
very  low  extractioo  rates,  the  spin  time  structure.  Thislatia 
ABta  will  be  discussed  bdow.  There  is  one  precedent  for 
near-dc  beams  m  the  Bevalac.  As  a  prelude  to  construction  of 
the  rep  accelerator,  beam  was  circulated  in  the  Bevatron  for 
30  minutes  without  incident.  However  no  extraction  was 
attempted. 

in.  EXTRACTED  BEAM  TIME  STRUCTURE 

Increasing  the  length  of  extraction  was  expected  to 
increase  time  variation  of  the  extracted  intensity.  This  is  due 
to  the  fact  that  regardless  of  the  length  of  the  spill,  the  same 
fiactkn  of  the  circulating  beam,  limited  by  extraction  physics 
to  approximately  25%,  was  extracted.  Doing  this  over  a 
longer  time  meant  that  a  smaller  percent  of  the  beam  (by 
almost  an  order  of  magnitude)  was  extracted  per  unit  time, 
requiting  much  finer  contrcd  of  the  ituignetic  field.  For  many 
oqieriments,  degradation  of  the  beam  time  structure  could 
qitickly  imdo  gains  due  to  increasing  the  synchrotron  duty 
factor.  “Coont-taie-limited"  nuclear  phy^  experiments,  for 
instance,  use  dectronics  or  data  acquisition  systems  which 
cannot  tolerate  intensities  above  a  given  value.  Increases  in 
the  arrqditude  (rfbeam  intensity  oscUlations  would  necessitate 
decreasing  the  average  intensity,  to  bring  the  highest 
ami^itudes  below  this  threshold.  This  could  bring  the  data 
rate  back  to  the  values  obtained  with  the  old  1  second  spill 
Early  trials  with  a  low  rate  of  extraction  showed  that  for  the 
Bevalac  this  did  not  occur-  though  the  spill  structure 
deteriorated  sotrmwhat  with  lengthening  extraction  time,  thoe 
was  a  net  gain  in  projected  data  rate.  However  improvements 
in  the  qriller  feedlmck  system,  described  below,  kept  the 
quality  of  the  spill  somewhat  constant  as  the  extraction  time 
was  increased,  enabling  gains  for  the  experiments 
commensurate  with  duty  Cs^  increase. 

Beam  extraction  was  accomplished  using  resonance 
extraction.  Just  before  attraction  the  beam  tune  was  brought 
close  to  2/3  by  a  perturbation  magnet,  PI.  A  (mainly) 
sextiqtole  winding,  SI,  on  the  same  magnet  then  was  used  to 
drive  orint  growth  by  ramping  the  sexn^e,  thus  moving  the 
unstaUefb^  points  into  the  beam.  Notmaily  20  -  30%  of  the 
beam  could  be  extracted. 

Variations  in  the  intensity  could  be  caused  by  time 
structure  in  the  main  magnetic  field  or  the  extraction 
(pertnrbaikm  or  sextnpole)  magnet  fields.  In  practice,  the 
currents  of  the  extraction  magnets  could  be  betta  controlled, 
and  measurements  of  the  extracted  beam  intensity  vs.  time,  to 
be  described  below,  show  that  the  main  magnet  ripple 
contributed  most  of  the  structure  which  was  due  to  magn^ 
field  ripirie.  Because  of  the  large  dispersion  of  the  machine. 


ripple  in  the  main  magnetu;  field,  AB^,  as  small  as  -2  x  10*^ 
could  produce  bursts  of  betun  [1]. 

^voal  feedback  systems  were  in  place  to  minimize 
magnet  ripple.  These  included:  feedback  control  of  the 
generatcvvolia^  and  phasing  (effective  for  low  fiequency:  0- 
5  Hz)  ,  LC  filters  across  the  main  magnet  (170,  354,  658, 
1008, 1345  Hz),  and  the  *Rip|de  Reduction*  feedback  system 
(10  Hz  -  20  kHz).  The  Rifille  Reduction  system  measured 
dB/dt  using  a  ooe-tum  loop  in  each  quadrant  of  the  machine, 
and  made  use  of  extra  pcdi^face  windings  to  coitqiensaie  for 
field  ripple.  It  should  be  noted  that  due  to  the  load  on  the 
motor-generators,  main  magnet  riiqrte  did  not  occur  at 
multiples  of  power  line  firequenci^  tet  rather  at  multq^  ci 
a  ftequoicy  somewhat  lower  which  dqrended  on  the  value 
the  main  field.  This  is  reflected  in  the  filter  frequencies  given 
above. 

A  final  feedback  system  directly  controltod  the  beam 
extraction  rate  in  order  to  minimize  vtuiation  of  the  intmsity. 
The  "qnller  feedback  system”  [23]  measured  extracted  beam 
intensity  vs.  time  using  a  sdntiiialor  and  photomultiidier  tube, 
then  adjusted  the  current  m  the  SI  magnet  in  order  to  keep  the 
beam  intoisity  constant  The  bandwidth  of  this  system  was 
approximately  0-2  kHz.  Though  effective  at  these 
frequencies,  the  system  actually  introAiced  an  oscillation  into 
the  extracted  intensity  at  approximately  2.5  kHz,  due  to  delay 
in  die  feedback  loop.  Beam  destabilize  due  to  an  increase  in 
SI  current  requited  qiproximately  100  ps  to  reach  the  sqxum 
magnet  and  leave  the  synchrotron.  Thus  the  infrnmatiai 
available  to  the  feedback  system  about  the  condition  of  the 
beam  was  essentially  delayed  by  100  ps.  As  the  control 
system  began  extraction,  SI  current  would  rise  until  the 
intensity  measured  by  the  PM  tiibe  was  at  the  right  value,  then 
attempt  to  stabilize  the  level.  Due  to  the  di^y,  the  beam 
intensity  would  contirme  to  increase  (following  die  previous 
increase  in  SI  current),  causing  the  feedback  system  to 
decease  die  SI  current  enough  to  actuaOy  stop  the  extraction. 
Thus  the  beam  ^Ul  occurred  in  ~2.5  kHz  bursts^  modulated 
by  lower  frequency  structure  at  harmonics  of  the  MG 
fundamental.  As  noted  in  reference  [3],  very  low  frequency 
(~5  Hz)  variation  of  the  intensity  was  also  seen,  and  traced  to 
die  vcdtage  regulation  feedback  loop  of  the  genettoors. 

An  improvement  was  made  to  the  spiller  feedback 
system  by  one  of  the  authors  (MJ4.)  which  gready  improved 
its  quality  for  experiments.  As  noted  above,  this  was  of 
particular  impoirlnce  for  long  qiills,  where  beam  was 
extracted  over  several  seconds.  A  10  klfe  oscilltttion  induced 
in  the  SI  current  by  a  malfunctioning  power  siqiply  was 
observed  to  decrease  the  amplitude  of  the  feedback 
oscillations  in  the  beam  intensity.  So  an  opoi-kxq)  oscillation 
at  rq^roxiimitely  this  frequency  was  introduced  into  the  SI 
current  This  had  the  effect  of  terminating  the  feedback 
oscillations  in  the  beam  intoisity  before  the  feedbadc  system 
could,  lowoing  the  onplitude  of  the  bursts.  The  beam  then 
emerged  with  ~10  kHz  structure  rather  than  15  kHz.  It  was 
found  that  varying  the  frequency  of  the  applied  oscillation 


^Note:  Oscillation  occurs  at  the  frequoicy  whoe  the 
delay  sl8(P.  Since  the  loop  includes  an  integrator  to  produce 
the  time  average,  which  contributes  90°  to  the  delay,  the 
oscillations  occur  at  2.5  kHz,  where  100  ps  gives  a  quarter- 
period  delay. 
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eWwr  ip  or  dovni  from  the  qqmxuaatB  frequency 
fartallourty  cppHed  by  d>e  fruity  power  supply  increased  ihe 
nm|iBisde  of  hmis.  *rM|^  ly  ^  thi« 

IlmiBMwy  htt  •  pmtod  eq^  to  the  inioniiation  delay  time  in 
the  loop.  If  the  applied  oecillmion  is  at  hi|^  frequency, 
beam  deatahfliaed  dminf  one  oscillation  may  add  to  the  next 
bunt  If  the  oacillation  is  slower,  the  system  will  not  catch  the 
intense  ovenhoot  Aie  to  dm  delay.  The  optimal  wavdbnn 
far  die  oeciHatioii  appeared  to  be  qpproatimaiely  a  sawtoodt. 

Ihe  beam  dnie  stiuctiire  was  meanned  iy  two  diffeient 
systems,  bodi  ushig  toe  signal  from  a  scimiUator-PM  tube 
system  at  the  first  focus  (tf  beam  in  the  extraction  channeL 
One  system  Fouri^  amdjmed  the  signal  (bandwidth  ^  20 
Ufa),  and  die  other  sanqded  the  signal  for  intervals  of  0.S  s  at 
1  MHx.  As  a  measure  of  beam  qnlity.  the  ratio  of  ims  to 
aven^  intensiqr  far  eadi  of  the  Oj  s  intervals  was  compmed 
from  toe  dam  obtained  from  the  latter  system.  This  will  be 
n^rred  to  as  the  "sgiill  Aity  factor”,  or  SDF.  Though  very 
little  time  was  available  in  the  last  months  of  Bevalac 
tqieiation  for  nihking  accderator  measnremmits,  extnisive 
dam-taking  was  done  over  one  two-day  period  {Stgi.  15-16, 
1992),  and  at  other  times  mqierimenters  were  consulted  as  to 
the  qudity  of  the  beam  they  received.  The  dam  quoted  below 
derives  from  the  measurements  of  Sqit  15. 16.  The  main 
field  strengfa  was  7650  O,  or  1.05  GeV/amn  far  q/m«l/2. 

The  SM' varied  wifa  the  tuning  <rf  the  ^nduotron.  But 
it  was  not  found  to  degrade  significantly  as  the  extraction  time 
lengthened.  Fora  Isextmctioo  time  the  SDF  was  liS.  Atdie 
be^nning  cf  the  long  (9.1  s)  ^nll.  the  SOP  was  worse  (2.3). 
though  such  an  increase  is  mme  dm  compmisated  by  the 
increased  length  <rf  extractioo.  However  mereurenlents  ^  OJ 
seconds  at  die  midcBe  the  spin  produced  an  SDF  of  1.5,  and 
the  SIX^  near  the  end  of  the  s^  was  found  to  be  1.4.  Thosin 
some  averts  sense  die  time  structure  of  die  long  ^ills  was 
better  than  that  erf  die  1  second  spills,  at  least  on  the  days 
when  our  measurements  were  permitted.  This  was  born  out. 
as  mentioned  above,  by  an  increase  in  dam  rate  for  the 
experimentms  at  learn  commensurate  with  the  increase  in 
synchrotroo  duty  factor . 

Fourier  analysis  of  the  bemn  time  structure  revealed  the 
usual  coraponenm  due  to  MG  rfaple  below  about  2  kHz.  as 
described  in  refarence  [3],  idus  ~10  kHz  (actually,  8.8 
kHz)  oacillatioos  inseiied  by  die  oscillatioa  qiidied  to  SI,  and 
harmonics  (rf  this  frequency.  Sidebands  occurred  for  the  8.8 
k&  structures  and  th^  harmonics  whose  qiacing  was  givmi 
by  die  MG  frequencies.  The  frequency  domain  dam  was 
examined  to  try  to  find  some  reason  for  the  inprovement  in 
dm  dmestroctme  with  time  during  the  long  qiill.  dBAltdoeio 
the  MGs,  as  measured  by  the  dB/dt  loops,  actually  increased 
during  tto  dme,  bodi  at  humonics  and  subharmonics  of  the 
MG  frequency  a^  fin  the  ~5Ifa  structure.  Oscillations  in  the 
Rippb  Redumion  feerfaack  system  were  somewhat  less,  but  it 
is  not  at  tfl  cletf  that  this  can  account  for  the  inqnovemenL 
Figure  1  shows  toe  signal  from  the  FM  tube  (in  arbhiary  units) 
vs.  tone  fin  typical  S  ms  intervals  spill  Ihe  iqper  trace  is 
tdeen  from  tte  last  durd  of  toe  spill,  and  the  lower  from  the 
firsttoiid.  The  difference  in  structure  is  notaUe.  The 
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Figure  1.  Photomultiplier  signals  vs.  time  showii^ 
extracted  beam  intensi^  from  5  ms  of  the  first  (lower 
trace)  and  third  (iqiper  trace)  third  of  the  spill.  The 
iqiper  trace  has  been  offset  by  -2000  the  (arbitrary) 
units  fin  clarity. 


improvemmit  seems  not  to  be  due  to  the  difference  in  the 
distribution  function  of  the  particles  extrarXed  at  the  b^iniung 
vs.  the  end  of  the  qiill,  ance  a  similar  change  in  time  structure 
does  not  occur  fin  1  s  spills.  It  is  possible  that  the  increased 
field  ripple,  plus  the  slowing  of  the  MG’s  due  to  die  prolonged 
load,  made  the  effect  of  the  8.8  kHz  osciUaUon  more 
favorable.  As  can  be  seen  from  Figure  1,  at  the  end  ot  the 
spiO  the  SI  oscillation  was  not  d>Ie  to  compfetely  shut  off  the 
spill 


IV.  SUMMARY 

The  rruudmum  Bevalac  extraction  tone  was  increased 
from  1  to  9.5  seconds  for  its  last  few  months  of  running.  This 
increased  the  synchrotron  duty  factor  by  a  factor  (tf  2  to  3 
depending  on  the  beam  enngy.  Time  structure  of  the 
extracted  beam  was  as  good  or  bettm-  than  with  the  shorter 
extraction  time.  Due  to  the  lack  of  time  to  study  this 
phenomenon,  die  cause  is  not  known. 
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Atetmci 

Election  capture  fircmi  electioii-fodtion  pair  production 
is  predided  to  be  a  mi^  somce  af  beam  loss  for  tte  heavier 
ion  at  REiC.  Adiieving  Ae  highest  luminosity  Aus  requires 
an  understandiag  of  the  oqitnre  process.  We  rqwrt  the  first 
observafion  and  measurement  of  this  process,  in  Bevalac 
eiqieiimeots  using  1  GeVfo  U^***  pnyectiles  on  Au  tar^. 
Qq^tnie  fim  pair  (noductkm  is  a  process  in  which  Ae  very 
hi^  electromagnetic  field  invqlv^  in  Ae  crdlision  of  two 
fdnthrUtic  heavy  ion  polarizes  the  vacuum,  resulting  in  the 
prodoctkm  oT  an  dectron-positioa  pair  and  the  captnre  of  the 
eiectioa  by  one  of  the  ion.  There  are  many  theoretical  pqKis 
puMidied  on  mature  fimn  pair  production  wiA  very  Imge 
discrepancin  between  predicted  cross  sections.  The 
experimenal  results  are  con^tared  to  Aeory,  and  the 
hnpHcationsofextnqKdation  to  RMC  energies  are  presaated. 

L  INTRODUCTION 

At  rdntivistic  neigies,  Ae  crqitnre  oi  electrons  by  ion 
(lecombiiintion)  occurs  by  tim  well>undeistood  collision 
processes  ai  Radiative  Electron  Cqnuie  (REC)  and  Non- 
Radiative  Cqiture  (NRC).  These  processes,  wUdi  require  an 
dectroo  in  the  initial  state,  have  cross  section  tiiat  decrease 
rafA^  wiA  incrtadng  cdlision  energy.  REC  is  the  cqituie  of 
a  target  dectron  1^  the  ion  wiA  dm  simidtaaeoos  dmisskm  of 
a  photon  (to  bdance  momntimi  and  norgy).  NRC  is  the 
capture  of  an  dectron  that  is  initially  bound  to  a  target  atom 
or  km.  Until  recently,  REC  and  NRC  were  tiMUght  to  be  the 
dominant  processes  for  electron  cqrture  at  all  relativistic 


The  targe  tiansieiit  fidds  produced  in  relativistic  diarged 
particle  taoaac  collision  (no  nuclear  crmtact)  have  long  been 
knoivtt  to  proAroe  election  thiou^  dectnm-positron  pair 
pvodnetion  (1).  But,  in  1984,  Gould  pdnted  out  that  for  bare 
heavy  ions,  ^  piobabiliQr  for  pair  cieatirm  wiA  simuhaneous 
captnre  (rf  the  efectrmi  firmn  die  pair  into  the  K-shell,  was 
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significant  [2].  The  cross  section  for  this  "capture  fiom  pair 
production"  mrdianism  is  mqiected  to  inoease  wkh  energy  (as 
does  the  cross  section  for  producing  free  electron-positnm 
pairs),  malting  it  die  dnninant  electron  culture  meefaimism  at 
highly  relativistic  energies.  And  since  capture  fnmi  pair 
production  requires  no  dectron  in  the  initid  state,  it  can  take 
place  between  two  bme  ions,  possiUy  limiting  dw  lifetime  of 
stored  beams  of  bare  heavy  ions  in  relativistic  heavy  i<m 
cdliders. 

A  number  of  dieoieticd  pqwrs  dmed  at  calculating  die 
cross  sections  for  dectron  oqituie  from  pair  proAiction  have 
been  published  since  1984  [3].  Different  cdculatkmd 
techniques  were  used,  and  sevesd  results,  in  (hsagreanent  wiA 
eadi  other,  have  been  rqported.  Until  recerdy,  no  experimeatd 
measurement  to  check  the  validity  of  these  different  theoieticd 
predictions,  or  even  Ae  cadstence  of  electron  aqmne  from  pair 
production,  has  existed. 

In  diis  article  we  report  the  observation  and 
measurement  of  dectron  citytnre  from  dectron-poshron  pair 
produetkm  in  relativistic  heavy  km  collisions,  and  discuss  the 
possiMe  iaqilicatkms  for  the  lifetime  of  heavy  kms  in  the 
Rdativisdc  Heavy  km  CdUder  (RHIC)  now  being  constructed 
at  Brookhaven  Natkmd  LaborMory  [4].  The  ejqmiment  has 
been  performed  at  dm  Bevalac  accefannor  at  Lawrence  Berkeley 
Labwatory,  using  956  MeVAi  bue  uranium  ions  (U^^'*') 
inckfem  on  dun,  fixed  targets  of  An. 

n.  EXPERIMENT  DESCRIPTION 

Figure  1  shows  a  Aityiam  of  die  Advanced  Positron 
Spectrornmer  (APS)  used  to  detect  positrons.  The  U^'*’  km 
passes  throng  a  fixed  target  located  inside  Ae  APS,  desenbed 
below.  In  die  case  of  culture  from  pair  production,  die  electron 
is  created  directly  bound  to  die  uranium  i<m,  changing  its 
charge  by  one  unit  to  U^^'*’.  The  exporimentd  signature  is 
the  detectirm  of  the  pontron  emitted  duriiu  the  coUiaon,  in 
coincidence  wiA  Ae  charge-changed  U^^'*'.  The  is 
magnetically  sqiaiated  fiom  die  main  beam  of  U^'*'  and  each 
diarge  state  is  detected  by  a  scintillator-photomultiplier  tube 
detector. 
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Figure  1  -  Sdiematk  diagrain  of  the  apparatus  (top  -  sectional  view).  The  solenoid  fidd  decreases  adiabatically  firom  die 
center  towards  the  ends  causing  the  particle  orbits  to  grow  and  their  divergence  to  decease,  allowing  them  to  be  swqM  by  the 
(hpole  magnets  into  the  detectors.  Only  <me  poutron  detectm  (and  no  electron  detector)  is  shown.  The  targd  is  located  near  die 
center  of  the  adenoid  and  the  heavy  km  beam  travels  hoiizcmtally  throiigh  die  qiparatus. 


The  target  is  placed  inside  and  slighdy  upstream  from 
the  center  of  the  APS.  The  APS  is  used  to  detect  and  measure 
the  energy  rfistribution  and  angular  distribution  of  the  dectrons 
and  positions  mitted  from  the  target  It  crmtains  a  solenoid 
magnet  in  the  center  and  a  dipole  magnet  at  each  end.  The 
sdendd  generates  a  strong  magnetic  fidd  (BaO.8  T  max.)  that 
adidiaticaHy  decreases  toward  die  ends.  The  fidd  trai^xirts  die 
electrons  and  positrons  away  from  the  target  and  convots 
much  of  the  positron  (electron)  transverse  motion  into 
Icmgitndind  motion.  The  positrons  and  the  electrons  are 
effictendy  (teflected  in  tqqposite  transverse  Erections  at  each 
end  of  the  adenoid  by  tite  dipoles.  There  they  strike  plastic 
scindnatm-idiotomultiplier  tube  detectors. 

This  combination  of  magnetic  fields,  results  in  a  very 
high  acceptance  for  electrons  and  positrons  emitted  bodi 
forward  and  backward  with  respect  to  the  beam  direction. 
Without  the  adiahatically  decreasing  field,  the  acceptance  of  the 
spectrometer  would  be  very  low  because  most  of  the 
positrons,  upon  leadiing  the  ^  of  die  sdendd  field,  would 
have  a  large  transvase  motion  causing  them  to  strike  the 
walls  of  die  ^iparatus  ladia’  than  to  be  deflected  into  die 
qmctrometa'  detectors.  Tests  of  die  APS  using  beams  and 
radioactive  sources  have  shown  a  detectkm  efficioicy  close  to 
unity  for  emission  angles  of  iqi  to  7S  degrees  forward  and 
backward.  The  acceptance  is  indqiendent  of  the  positron  or 
dection  energy  in  die  energy  range  investigated  (from  0.1  to 
2.5  MeV). 


The  emission  angle  with  reflect  to  the  beam  direction 
is  measured  using  the  time  of  flight  of  the  positrons 
(elections)  through  the  solenoid.  Four  plastic  scintillator- 
detectors  (see  figure  1)  are  used  to  detect  the  positions 
(electrons)  and  to  measure  their  energy  and  time  of  flight  The 
magnetically  sqiarated  ion  that  produced  die  position, 
detected  in  its  scintillator-detectOT  at  the  end  of  die  beamline, 
is  used  for  die  timing  reference. 

The  dipole  magnets  diat  deflect  elections  and  positions 
in  oj^iosite  directimis  are  used  fiv  the  initial  disciimiiiation 
between  electrons  and  positrons.  Howeva,  at  1  GeVAi,  a  large 
number  of  knock-on  elections  are  ejected  from  the  target  by 
collisions  with  the  uranium  ion.  ^proximately  3  to  4 
electnms  with  an  energy  above  100  keV  are  ejected  frmn  a  1 
mg/cm^  gold  target  for  evoy  uranium  ion,  while  only  one 
position  from  the  same  target  is  expected  for  every  10^ 
uranium  ions.  Roughly  two  or  three  per  thousand  knock-on 
electrons  backscatter  from  the  eiectnm  scmtilltfor-detector  into 
the  positron  scintillator-detectra’,  thus  simulating  a  positron. 

To  discriminate  against  these  scattoed  electrons  we 
require  the  detection  of  one  of  the  two  511  keV  photons  that 
are  emitted  back-to-back  when  the  positrons  annihilate  at  rest 
in  the  plastic  scintillator.  The  511  keV  photon  is  detected  by  a 
Nal  scintillator-idiotomultiplier  detectin’  (see  figure  1).  The 
detection  efficiency  of  the  photon  (by  the  12.5  cm  diameter  by 
IS  cm  long  active  area)  Nal  detector  has  been  measured  to  be 
42%,  widi  roughly  60%  of  the  photons  iqipearing  as  a  narrow 
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single  peek  at  511  keV,  and  die  rest  as  a  broad  Comptcm 
disiribidioB.  b  oiv  data  aaalyns  only  the  narrow  peak  is  used. 
TUs  sets  the  overall  dficieocy  of  die  APS  for  die  detecti(»  of 
a  pontron  id  25%. 

in.  RESULTS 

We  integrate  the  qiecira  over  the  positron  energy  and 
angle  to  obtain  die  total  cross  section  fw  capture  from  pair 
production.  We  correct  ftir  the  angular  region  between  75  and 
105  degrees,  not  accouided  for  by  the  qwctrometer,  and  frir  the 
energy  range  dmve  2.5  MeV.  Middng  these  small  conecdons, 
we  measure  the  total  cross  section  fm  ciqiture  from  pair 
production  by  a  956  MeV/u  qq  ^  target  to  be 
2.19  (0.25)  bams. 

We  obtiun  a  cross  section  of  3.3  (0.65)  for  the  free  pair 
process  by  assuming  that  a  similar  fraction  of  free  pairs  are 
not  detected  by  the  spectrometer  (The  errm  we  make,  in 
estimating  the  fraction  between  75  and  105  degrees  for  free 
pair  protfaiction  is  well  within  our  error  bars,  even  though  die 
angular  distributions  fw  endure  from  pair  production  and  free 
pair  prochiction  are  expected  to  be  different) 

IV.  DISCUSSION 

At  1  GeVAi  the  electron  of  the  e*^  •  e*  pair  is  almost  as 
likely  to  emerge  from  the  collision  bound  to  the 
changing  its  charge  state  to  as  it  is  to  emerge  free. 
Perturbation  theory  predictions  [5]  undecestimate  die  measured 
total  cross  section  fw  oQituie  from  pair  production  by  about  a 
factor  of  2.5,  and  underestimate  the  ratio  of  culture  to  free  pair 
production  by  about  a  factor  of  3  [6]. 

Calculations  of  the  cross  section  for  both  free  pair 
production  and  capture  from  pair  production  have  been  made 
for  An  at  RHIC  collider  energies  of  100  +  100  GeVAi.  These 
perturbative  calculations  indicate  that  die  free  pair  production 
cross  section  increases  to  the  order  of  3  x  1(P  bams  for  Au 
ions,  while  the  fraction  of  pair  electrons  that  are  captured  is 
predicted  to  decline  to  a  part  per  diousand  at  RHIC  etmgies 
[4,7].  The  fraction  of  electrons  that  ate  captured  may  be 
sensitive,  however,  to  sevmal  effects  such  as  multiple  pair 
production,  combined  charges  of  projectile  and  target,  and 
other  effects  enhancing  cqiture.  As  has  been  seen,  the  fraction 
at  1  GeV/u  is  observed  to  be  considerably  larger  than  that 
predicted  1^  perturbation  theory. 


Qqiture  from  pair  production  (resulting  in  the  loss  of 
the  charge-changed  ion  in  the  coUido'  ting)  has  bem  predicted 
to  be  die  dominant  bemn  loss  mechanism  for  colliding  Au  -f 
^  beariu  at  RHIC  and  a  significant  loss  mechanism  for 
U^tter  ions  [4].  Small  effects  that  might  mihance  cigitute,  as 
discussed  above,  coidd  have  a  significant  inqiact  iqion  the  ratio 
of  cr^Mured  electrons,  and  thus  upon  the  opetatkm  of  RHIC.  If 
the  fraction  of  c^itated  electrons  is  an  order  of  magnitude 
higher  than  predicted  at  RHIC  enmgies,  then  the  current  after 
10  hours  will  (focrease  to  about  20%  of  the  initial  value, 
instead  of  77%,  after  taking  into  account  intrabeam  Coulomb 
scattering. 

Measurements  of  the  cross  section  for  c^Mute  fimm  pair 
production  m  Bevalac  energies  indicate  duu  current  calculations 
based  upon  poturbatitm  theory  undoestimate  die  fraction  of 
electrons  captured  by  a  factor  of  three.  These  results  indicate 
die  need  for  better  calculations  and  measuremmits  over  a  wide 
range  of  energies  to  undostand  the  useful  lifetime  of  heavy 
ions  in  RHIC. 
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(abeoacO 

DeoteRNi  beam  has  been  siKoessfoUy  acodemed  in  the 
KEK  PS  op  10  the  energy  of  11.20eV(SiSGeVfo),  the  limiting 
energy  of  die  ling.  Thefirstphysksexperimentwiihdeu* 
teron  beams  was  carried  out  in  of  19^  after  tins  SDCcess. 

Helhim  beam  aocdemtkm  is  schednled  in  ^pril  in  1994. 

I.  INTRODUCTION 

Accekraiioii  of  heavy  ion  beams  in  the  KEK  PS  was 
diaciiaaed  aboot  more  than  8  years  ago.  However,  the  project 
was  Slopped  by  several  reasons  and  heavy  ion  aocelersrion  in 
the  KEK  PS  hm  not  bem  realized  so  for.  Very  recently,  as 
one  of  the  possil^  csndidaies  among  the  future  plans  of  the 
KEK  PS.  the  PSCollider,  iriiich  aims  to  accelerate  and  collide 
heavy  ko  beams  with  the  beam  energy  of  iq>  4>  7GeVAi  for  a 
gold  beam,  has  been  prQposed.[l]  The  PS-CoUider  is  designed 
to  use  the  present  KEK  PS  as  its  injector,  therefore  a  much 
more  sinqrie  scheme  compared  whh  the  previous  one  for  accel¬ 
erating  heavy  ions  in  the  PS  has  been  examined  carefully  for 
easeofopermioo.  Simultaneonsly,  possibility  a  pdarized 
deoteron  beam  accderatiao  m  the  FS  has  been  also  stiidied.(2] 

In  November  of  1990,  the  PAC(Ptogramme  Advisory 
Committee)  of  die  KEK  PS  has  conditionally  approved  an  ex¬ 
periment  using  a  high  energy  deoteron  beams  of  2  ~  S  GeV. 
According  to  the  request  fiom  the  PAC,  a  task  force  for  aiming 
deoteron  beam  acoeleratian  in  the  PS  has  been  initialed  in  die 
accekrstordqiBtment.  On  Jan.  31  in  1992,  deuteron 
beam  has  been  soccessfolly  accelerated  in  the  KEK  PS  iq>  to  die 
eneqgy  of  1 1 2GeV(S.6GeVAi),  the  limiting  energy  of  the  ring. 
The  fost  physics  experiinem  whh  deoteroo  bemns  was  carried 
out  m  April  after  this  socoess.[3]  In  this  paper,  the  outline  of 
the  deoteron  acceleration  scheme  and  die  experieneoe  of  die 
first  long  term  operation  are  described  and  the  fatme  plan  for 
heavy  ion  beam  acceleration  is  also  presented. 

n.  MODMCATIONS  FOR  DEUTERON  BEAM 
ACXmERATION 

Earnest  studies  ot  examining  the  beam  behaviors  in 
deuteron  acceleration  according  to  the  newly  proposed  scheme 
has  been  carried  oot  for  each  part  of  die  KEK  PS.  [4]  Some 
componems  of  the  accelerator  were  rqdaced  or  rno^ed  for 
this  purpose. 

(a)ltije<Mr.  Ihe  injector  consists  of  the  7S0-keV  Cockcroft- 
Waiion  preinjector  and  the40-MeV  Alvaretz  linac.  The 
ion  source  vriiich  has  been  used  at  the  KEK  PS  is  a  plasma- 
qxdter  type  negative  hydrogen  ion  source.  It  generates  more 
than  20  mA  nqative  hyiho^  ion  beam  with  the  90%  normal¬ 


ized  emittance  of  13mm  jniad.[S]  This  type  of  ion  source  can 
be  converted  to  prochice  n^ative  deuterium  ions  by  changing  a 
gas  species  fiom  hydn^en  to  dmaerium.  The  n^ative  deute¬ 
rium  ion  beam  extracted  fiom  the  km  source  is  accderated  by 
the  COckcroft-Walion  preinjector  and  injected  imo  die  linac. 
The  accderaiion  energy  is  37S4ceV,  whidi  is  a  half  of  that  for 
proton  acceleration,  because  the  linac  is  operated  in  4x  mode 
accekration  for  demeron  acceleraiian.  In  order  to  acceler¬ 
ate  heavy  ions  whose  Q/AsO.S  in  an  Alvaretz  type  of  proton 
lmac,4p  mode  accekration  can  be  used.  When  deuteron  accel¬ 
eration  is  performed  in  4x  mode,  the  energy  gain  in  eadi(AWd 
)cell  should  be  half  of  that  for  proton(AWp).  Thus, 

AWd  -  mp/hid  AWp  >  l/2AWp .  (1) 

where  mp  and  m<i  are  the  masses  of  proton  and  deoteron ,  le- 
spectivety.  Since  the  transit  time  factor  oi  each  cdl  for  4ic 
mode  accekration  is  almost  a  half  of  that  for  2x  mode  accekra- 
tion,  the  condition  ct  eq.(l)  is  satisfied. 

(b)  Booster  Beam  parameters  of  deuteron  acederation  in  the 
booster  is  summarized  in  Triik  1. 


Tabk  1  Beam  parameters  of  deuteron  accekration  in  the 
boostm 


injection 

extraction 

Eoergy(MeV) 

19.28 

293.8 

BpCDn) 

0.8994 

3.636 

0.1438 

03812 

harmonic  number 

1 

RF  freqoency(MHz) 

1.132 

3.996 

RF  voliage(max.  kV) 

-25 

emittance(pmm.mr8(ft 

horizontal 

90 

22 

vertical 

40 

10 

AP/P 

+-0.5% 

+-0.4% 

bundi  widdifnsec) 

100 

There  are  two  RF  cavities  in  the  booster  at  the  niomem. 
In  deuteron  accelmation,  die  RF  frequency  at  the  beam  injec¬ 
tion  is  1.132MHz,  which  is  almost  a  half  that  for  proton  ac- 
cekration.  The  capacitance  of  each  RF  cavity  brixxitlOOOid’ 
and  the  maximum  inductance  of  each  RF  cavity  is  aboutti  mH 
when  the  forite  DC  bias  current  is  zero,  reqiectivety.  There¬ 
fore,  another  cafiaciUHice  of  aboot  2000pF  should  be  added  for 
each  RF  cavity  so  as  to  tune  the  injection  RF  frequency  to 
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in.  ACXELERATION  OF  DEUTCRONS 


Rg.  1  Meanired  variatiom  of  inducttnce  and  tuned  frequency  as  a 
fincliaa  of  die  fcnile  DC  bUe  current  of  die  cavity,  vdien  die 
vacuum  capacitor  of  2000pP  was  attached  to  the  RP  cavity. 

each  RF  cavity  so  as  to  tone  the  injection  RF  frequency  to 
1.132MHz.  Practkally.  this  can  be  made  by  attaching  a 
vacuum  capacitor  to  die  accelerating  gq>  of  each  caviqr.  Fig¬ 
ure  1  shows  measured  variatkns  of  inductance  and  tuned  fre¬ 
quency  as  a  function  of  the  ferrite  DC  bias  cunent  of  the  cavity, 
when  the  vacuum  capacitor  of  2000id^  was  attached  to  the  RF 
cavity.  The  inductance  was  chang^  for  more  than  13  times. 
This  mi^  be  enough  for  deuteion  acceleration.  The  shunt 
inqiedance  of  the  cavity  was  also  measured.  The  shunt  imped- 
nce  was  about  400  W  at  the  beam  injection,  which  was  ap¬ 
proximately  40  %  of  the  minimum  shum  impedance  for  protrni 
acceleration.  However.smoetheRFvobageatthebeaminjec- 
tkm  has  to  keqi  sinall  to  raise  a  kmgitudinat  capture  efiiciency 
by  an  adiabatic  process,  die  power  loss  in  the  fmite  of  the  cav¬ 
ity  doe  to  the  low  shunt  anpedance  can  be  eliminated.  The 
bodret  height  at  the  beam  injection  is  relatively  large  for  deu- 
teronaccderadon  compared  with  proton  acceleration.  This  is 
caused  by  the  fact  diat  die  velocity  of  the  deuteion  beam  at  in¬ 
jection  is  a  hdf  of  that  for  proton  aoceloation. 

(c)MainriHg:  Beam  param^ets  for  deuteion  acceloation  in  the 
main  rmg  are  sumnuuized  in  Tidile  2.  In  deuteron  accel¬ 
eration  in  the  main  ring,  the  RF  frequency  range  is  as  follows: 
finj«  3.996MHz. fext» 7.869 MHzandfext/finjs  1.97.  For 
proton  acceleration,  finj  s  6.027  MHz.  The  RF  frequency  crui 
be  lowered  by  adding  extra  capacitance  to  the  accelerating  gap 
(rf  each  RF  cavity  used  in  the  main  ring.  Since  the  maximum 
inductance  of  die  present  RF  cavity  is  approximately  6mH,  the 
totd  capacitance  of  rdxMit 260  id’ is  leqidred  for  deureron  accel¬ 
eration.  The  present  total  capacitance  of  each  cavity  is  about 
1 10  pF.  so  another  ISO  pFsbo^  be  added.  The  variations 
die  RF  firerpiency  as  a  function  of  die  ferrite  DC  bias  current 
were  measured  when  the  vacuum  crqiaciior  of  ISO  pP  was  at¬ 
tached  to  die  accderating  of  the  RF  cavity.  It  was  observed  that 
the  firequency  increased  iqi  to  7.9MHz  when  the  ferrite  DC  bias 
ctarent  was  raised  to  llOOA.  The  vmiations  of  the  shunt 
mqiedance  were  also  measured  cardtiOy  and  no  serious  power 
Ion  in  the  fenrite  U  the  cavity  Aie  to  die  shunt  impedance  re- 
rhiction  was  not  Observed. 


The  first  trial  for  deuteron  accderation  in  the  main  ring 
of  the  KEK  PS  has  been  performed  from  July  17  in  1991  and  on 
July  19.  the  deuteron  beam  was  successfully  aocderated  in  die 
main  ring  iqi  to  the  energy  of  7.2GeV(3.6GeVfe).  I  n 

this  acceleration  test,  only  one  RF  cavity  rtf  the  main  rmg  was 
avaiUile  in  accelerating  demnon  beam.  Three  was  just  only 
one  ferrite  bias  power  siqiply  which  was  capdde  to  swing  its 
ciarem  iq>  to  1100  A.  Threefore.  the  maximany  attainaUe  RF 
voltage  in  this  test  was  about  23  kV.  TheRFvOltageofatleast 
SO  kV  is  necessary  for  beam  acceleration  in  the  main  ring 
when  a  field  ramping  rate  of  the  bending  magnets  (dB/dt ) 
etyials  to  3.17  T/sec  as  used  in  normal  proton  acceleration.  In 
tto  acceleration  test,  we  have  reduced  dB/dT  to  one  third  of  the 
normal  value,  although  the  attainable  deuteron  beam  energy 
was  somewhat  decreased  to  7.2GeV(3.6GeV/u).  InDecembre 
cd  1991 .  another  two  ferrite  bias  pwore' supplies  were  ready  for 
use  in  (^jeiation.  OnJanuarySl  in  19^,deuteIonswasac- 
celrealed  to  11.2GeV(S.6GeV^),  the  limiting  energy  of  the 
ring.  In  ^xil  of  1992,  the  first  physics  eiqireiment  with  deu¬ 
teron  beams  was  carried  out  Characteristics  and  perfor¬ 
mance  each  part  of  the  accelerator  in  the  deuteron  accelera¬ 
tion  are  bri^y  described  in  the  frdlowing. 


CW  V<sl3tyc-(«CV) 


Fig.2  Variarkm  the  beam  cipove  efficiency  of  the  linacfrv  4a 
mode  acceleration  aa  a  function  of  the  injection  energy. 
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Rg.  3  Accelerated  deateron  beam  intensily  in  the  main  ring  is 
shown  simultaneously  with  a  magnetic  field  pattern. 

The  ion  source  has  produced  negative  deuterium  ions  by 
feeding  a  deuterium  gas  inkeadofa  hydrogen  gas.  More  than 
IS  mA  n^iative  deuterium  ion  beam  finom  the  ion  source  was 
accelerated  by  the  Cockcroft-Walton  fneinjector  and  12mA 
negative  deuterium  beam  was  injected  into  the  linac.  (hie  of 
the  most  different  operating  parameiers  of  the  km  source  com¬ 
pared  with  {xoion  beam  operation  was  a  cesium  consumption 
rate.  The  cesium  consumption  rate  was  relatively  large  ftx^ 
negative  deuterium  ion  beam  operation.  In  this  type  of  ion 
source,  negative  ions  are  generated  on  the  cesium  covered  mo¬ 
lybdenum  surface  by  km  guttering  in  the  plasma  Thus,  the 
Imge  cesium  consumpdtm  was  probably  caused  by  a  mass  ef¬ 
fect  of  sputtering  iona 

In  4x  mode  acceleraticm  of  deuteron  in  the  linac,  the 
possiUe  injection  energy  is  not  only  375  keV,  which  is  a  just 
half  of  that  for  proton.  A  relatively  high  energy  of  S4(HceV  is 
also  possible.[6][7]  In  Fig.  2,  variations  of  the  beam  crqiture 
efficiency  of  the  linac  fcx’dn  mode  acceleration  are  shown  as  a 
function  of  the  injection  roeigy.  It  is  found  that  not  only  the 
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Fig.4  Beam  intensity  variations  for  one-month  operation  in 
deutoon  beam  acceferation  trf  April  in  1992  is  summarized. 


beam  enogy  of  37S  keV  but  the  higher  eno-gies  such  as 
S40keV  can  be  acceptable  for  the  linac.  In  normal  operation, 
S40keV  injection  was  chosen  mid  the  optimized  beam  capttae 
efficiency  in  the  linac  was  reached  to  diout  30  %. 

The  injected  beam  momentum  of  the  booster  for  deti- 
teron  accderation  is  about  3%  less  than  that  for  proton  accelera¬ 
tion.  Notonlythemagneticfieldoftheboosteratbeaminjec- 
tkm  was  decreified  but  the  beam  tranqxxt  elements  between  the 
linac  and  the  booster  were  re-tuned  to  match  the  deuteron  beam 
momentum.  By  tuning  them  orefully,  almost  90  %  injection 
efficiency  was  a^eved  in  the  booster.  More  than  9S%  of  the 
beam  was  extracted  from  the  booster  and  transported  to  the 
main  ring.  The  typical  beam  intensity  in  the  booster  is  about 
4xlO'^K>p. 

In  Fig.  3.  the  accelerated  deuteron  beam  intensity  in  the 
main  ring  is  simultaneously  shown  with  a  magnetic  field  pat¬ 
tern.  The  typical  accelerated  deuteron  beam  intoisity  at  the 
maximum  enogy  in  the  main  ring  was  2  x  lO^^ppp.  A  c  - 
cording  to  the  requests  from  physics  experimentalists,  the  vari¬ 
able  energy  beam  extraction  from  2GeV(lGeV/u)  to 
1 1 .2GeV(S.^eV)  has  been  tried  fcv  the  deuteron  beams  so  far. 
In  Fig.4,  the  beam  intensity  variations  for  one-month  operation 
in  deuteron  beam  acceleration  of  April  in  1992  is  summarized. 

rV.  CONCLUSION 

Deuteron  acceleration  is  added  to  the  routoie  operation 
of  the  KEK  PS  from  April  inl992.  The  intensity  of  accderaied 
deuteron  beam  reached  to  about  2x10*^  at  the  beam  energy 
of  1 1.2(}eV(S.6GeV/u).  The  variable  energy  beam  extrac¬ 
tion  from  2(3eV(lGcV/u)  to  1 1.2  GeV(5.6GeV/u)  is  also  avail¬ 
able.  In  April  of  1994,  the  helium  beam  acceleration  is  sched¬ 
uled. 

The  authws  would  like  to  express  their  sincere  apprecia¬ 
tion  to  Director  General  of  KEK,  H.  Sugawara,  and  Profs. 
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Abstna 

A  CeasihiBty  study  of  a  spallation  neirtron  aomce  baaed  on 
a  nqnd  cycling  wnchrotran  which  delivers  a  proton  beam 
of  2  GeV  in  energy  ud  0,S  mA  time-avenged  cuiient  at  a 
30-Hz  lepetition  niei  is  presented.  The  lattice  consists  of 
90-d^iee  phase  advance  POOO  cells  with  disperskm-fiee 
audght  sections,  nd  has  a  three-fold  symmetry.  Tbe  ring 
magnet  system  will  be  energized  by  20-Hz  and  60-Hz 
resonant  circuits  to  decrease  the  dB/dt  during  the 
acceleration  cycle.  This  lowers  the  peak  acceleration 
voltage  requirement  to  130  kV.  The  ahigle  turn  extraction 
system  will  be  used  to  extract  the  beam  alternatively  to 
two  target  stations.  Hw  first  station  will  operate  at  10  Hz 
for  research  using  long  wavelength  neutrons,  and  the 
second  station  will  use  the  remaining  pubes,  ctdkctively, 
providing  36  neutron  beams.  The  400-MeV  negative- 
hyrkfogeo-ion  irijector  linac  consists  of  an  ion  source,  rf 
quadnqwle,  matching  section,  100-MeV  drift-tube  linac. 
anda  300-  MeV  caupled-caviqr  linac. 


I.  iN*mc©ucnoN 

During  the  past  two  years  there  have  been  sevoal  studies 
on  acceletalar-bosed  poised  spallation  sources  in  Europe, 
the  United  Stales,  and  elsewhere.  Studies  in  Europe  include 
a  S-MW  source  called  the  European  Spallation  Source 
(ESS)  [1]  and  die  Austion  Project  P]  fw  the  eastern 
European  countries.  The  ESS  concqtt  consists  of  an  800- 
MeV  linac  and  three  pulse  compressor  rings  cqiable  of 
accunolating  and  compressing  pulse  length  to  the  order  of 
1  mictosec  and  delivering  over  2  mA  of  time-averaged 
cotrem  in  each  ring  for  a  total  of  6.25  mA..  Studies  in  die 
United  Stales  include  Los  Alamos  Nittional  Laboratory's 
LANSCE-n  and  Argonne  National  Labmatory's  IPNS 
(fotense Poised Nemton Source) Upgrade.  ThesetwoU.S. 
studies  center  aroimd  1  MW  of  beam  power. 

For  over  a  dozen  years  the  IFNS  facility  has  been  providing 
research  opportunities  for  the  neutron  scattering  research 
community.  The  IPNS  facility  consists  of  a  SO-MeV 
n^ative-hyAogen-km  liimc  and  a  30  Hz  rapid-cycling 
synchrotron  Q(CS)  which  accelerates  50-MeV  injected 


*Wotk  siqg»rted  by  U.  S.  Department  of  Energy, 
Office  of  Batic  Energy  Seknees  under  Contraa  no.  W-31- 
109-ENG-38. 


beams  to  SOO  MeV.  The  RCS  accelerates  3  x 
protons  per  pulse  with  a  rqietidon  rate  of  30  Hz  resulting 
in  a  time-averaged  current  of  some  IS  pA.  The  1-MW 
study  described  here  b  for  upgrading  the  IPNS  system. 

With  respea  to  the  choice  of  the  accelerator's  peak  energy, 
several  studies  have  shown  that  the  neutron  yield  b 
proportional  to  beam  power  almost  indqiendent  of  beam 
energy  iq>  to  several  GeV  beam  energy  [1].  Thb  foct 
provides  an  opportunity  to  compare  the  lower- 
energy/higher-current  case  with  a  higher  energy/lower- 
current  machine.  That  b  to  say,  for  a  1-MW  facility,  the 
choice  at  beam  energy  can  be  traded  with  choice  oi  the 
beameunenL 

A  decision  was  made  to  study  initially  a  higher- 
enogy/lower-cuirett  configuration  the  acceierator  system 
with  a  majority  of  the  acceloBtion  tfddng  place  in  a  circular 
machine.  The  other  stutdy  option  was  to  perform  all 
acceleration  in  a  linac  with  a  circular  machine  acting  as  a 
pulse  compressor.  Since  the  cost  of  a  high  energy  liimc  b 
relatively  expensive,  the  latter  scheme  usually  tends  to 
have  lower  energy  and  high  current  The  decision  to 
accelerate  in  a  circular  machine  was  based  on  past 
experiences  with  a  high  intensity  cucular  proton 
accelerator;  diat  beam  loss  always  occurs  during  injection 
and  culture  processes  and  not  during  acceleration  or 
extraction  processes.  Furthermore,  the  lost  particles  create 
residual  radiatkm  around  the  accelerator  components.  Thb 
residual  raifiation  created  by  beam  loss  can  be  alienated  by 
injectii^  lower  energy  protons  and  handling  fewo- particles. 

A.  Choice  cf  Repetition  Rate 

For  a  given-time  averaged  current  a  higher  rqietition 
rate  would  provide  an  easier  condition  by  lowering  the 
ninnber  of  particles  to  be  accelerated  per  pulse.  On  the 
other  hand,  a  hig^  rqietition  rate  necessitates  higher 
acceleratioa  voltage.  Rqietition  rates  commonly  used  in 
thb  kind  of  setting  range  fiom  30  Hz  at  IPNS  to  SO  R:  at 
the  ISIS  focility  in  the  U.K.  Discussions  with  the  user 
communities  indicate  that  many  experimental  programs 
require  lower  rqietition  rates  in  (Hder  to  avoid  the  so  called 
"firiune  overlap"  i»oblem.  A  rqi^tion  rate  of  30  Hz  was 
chosen.  In  otto  to  facilitate  those  expoiments  requiring 
an  even  lower  repetition  rate,  it  b  pr^iosed  to  have  two 
target  stations:  one  receiving  a  10-Hz  beam  and  the  other 
using  the  remamder  of  the  pulses. 
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B. ChakttffUackiMT^ 

RCS  technology  is  •  mature  technology.  There  are 
aeveial  ofieraiiiig  praton  machines  of  this  type.  Since  the 
plan  is  to  mject  a  lower  energy  bemn  and  acoelerale  to  a 
higher  energy,  nsiag  a  proven  technology  inovides  the 
advantage  of  reliability.  Furthermore,  IPNS  personnel 
have  accamidmed  ova  10  yean  of  eiqterience  in  operating  a 
30>Hx  RCS.  If  the  desired  rqtetitioo  rale  was  much  higha 
than  30-Hz,  miotha  type  of  machine,  such  as  the  PFAG 
(Fixed  Field  Ahematiiv  Gradient),  would  be  appropriate. 

C.  UsecfExistmg/iifrtt-stnictiire 

The  IPNS  Ereili^  occiqties  a  small  fraction  of  the 
forma  ZCS  ^eioGradieat  Synchrotron)  complex  mea,  and 
nearly  idl  of  about  SOOk  square  ft.  of  space  is  available  for 
I-MW  upgrade  of  mfS.  The  ZGS  ring  building,  which  is 
heavily  shielded,  can  accommodoe  a  synchrotron  200  m  in 
circuinfetence,  and  several  of  the  forma  ZGS  experimental 
area  buildings  can  house  the  two  target  stations  mentioned 

- nr  — 

CJnlCr. 

n.  SYNCHROTRON 

A.  Lattice  Type 

The  PODO-type  lattice  was  chosen  for  simplicity  and 
flexibility.  A  90^gree  phase  advance  was  chosen  to 
facilltaie  a  missing-magnet-scheme  diqtersion  sunnession 
for  the  straight  section  area,  and  to  provide  relatively  high 
transitioo  gamma.  Lattice  functions  are  shown  in  Figure 
1,  which  shows  the  normal  cells,  dispersion  suppressor 
cell,  and  long  straight  sectioi  cells  which  are  missing- 
magna-noraial  cdb.  After  having  decided  on  the  nomal 
cells  and  the  di^tersioo  cells,  the  straight  section  cells  can 
be  added  a  removed  as  the  length  of  the  straight  sectioi 
requires.  (One  half  of  the  supa-period  is  shown  in  the 
figure  with  the  dispersion  function  di^laced  by  10  m  for 
clarity.)  Fw  example,  around  the  1-MHz  radio-fiequency 
range,  a  typical  cavity  system  provides  about  10  kV  if 
voltage  po*  meter  of  cavity.  Thus  if  the  required  rf  voltage 
is  120  kV,  then  thoe  should  be  some  12  m  of  straight 
sections  for  the  rf  system. 

B.  Choice  cfB(t)  and  dBldt 

Toe  lattice  shown  in  Rgure  1  can  accelerate  protons 
iq>  to  2.2  GeV  if  the  maximum  magnetic  field  is  about  l.S 
T,  which  is  commonly  used  value  for  this  type  of  machine. 
It  was  decided  to  design  a  2.2-GeV  machine  and  to  operate 
at  2  GeV  for  reliability  reasons.  The  space  charge  limit 
discussed  below  implies  the  injection  energy  of  the 
machine  would  be  400  MeV;  this  corresponds  to  the 
injection  field  of  0.417  T.  A  30-Hz  sinusoidal  excitation 
of  the  ring  magnets  would  require  180  kV  of  peak  rf 
vrdtage.  Howeva,  utilizing  two  (one  20-Hz  and  another 
60-Hz)  resonant  powa  supidies  for  enagizing  the  ring 
anagnet  with  20-Hz  exciUttion  and  60  Hz  de-excitation 
enaMes  the  peak  voltages  to  be  lowered  to  some  120  kV. 


Rgure  1.  Lattice  Functions  (see  text  for  detail) 


C.  Space  Charge  Limit  and  Injection  Energy 

Typical  transverse  phase  space  acceptance  of  this  type 
of  accelerator  varies  from  200  pi  mm  jnr  to  SOO  pi  mm.mr. 
An  iterative  study  using  the  b^-function  shown  in  Figure 
1  and  reasonable  apertures  of  quadrupole  magnets  showed 
that  a  choice  of  37S  pi  mm.inr  in  both  transverse  planes  is 
about  optimum  for  the  quadrupole  magnet  designs.  The 
numba  of  protons  pa  pulse  required  to  make  a  0.S-mA 
time-  averaged  current  is  1.04  xlO^^.  If  the  injection 
energy  is  400  MeV.  the  acceptance  of  37S  pi  mm.mr  in 
both  planes  togetha  with  an  assumption  that  the  allowed 
space  charge  tune  shift  is  0.2,  gives  about  1.4  x  10^^ 
protons  per  pulse.  Therefore,  the  400-MeV  injection 
energy  is  chosen. 

D.  Injection 

In  orda  to  facilitate  a  multi-turn-acceptance  filling 
injection  into  the  synchrotron,  a  phase-space-painting 
scheme  is  used  whidi  incorporates  a  negative-hydr^en-ion 
beam  and  a  "strippa  foir  system.  The  stri{^  foil  system 
which  changes  the  negative-hydrogen-ions  to  positive- 
hydrogen-ions  (charge  exchange  injection). 

m.  iNJEcrroR 

A.  Injector  Requirements 

To  facilitate  0.5  mA  of  the  time-averaged  current,  the 
negative-hydrogen-ion  source  must  deliver  1.04  xlO^^  per 
pulse  at  a  30-Hz  rate.  This  corresponds  to  a  pulse  current 
of  33  mA  if  the  pulse  width  is  0.5  msec.  If  the  available 
pulse  current  is  %  mA,  then  the  pulse  width  could  be  0.33 
msec.  Anotba  implication  here  is  that  if  the  revolution 
period  is  about  1  micro-second.  300  to  500  turns  could  be 
injected  depending  on  the  pulse  width.  The  space  charge 
liinit  requires  that  the  final  energy  of  the  injector  should  be 
around  400  MeV. 

B.  Injector  Corfigwration 

The  injector  system  consists  of  the  negative-hydrogen- 
ion  source,  a  2-MeV  rf  quadrupole,  a  beam  chopper  to 
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fiKiUMl(Mlenc4Nara,alOO>MeVdrifk-iiibeliiiic,ao^  iiyection  and  ciqNuie  [3]  are  in  progress.  The  ttudy  toun 
a  300>MbV  oonpled-cavity  linac.  It  is  coreeaifdated  that  cooclodes  that  RCS  techncdogy  is  niit^le  for  a  1<MW 
the  fta<|aency  for  both  the  rf  quadrupole  and  the  drift-tube  pidsed  spaOation  source, 
ttaac  wfll  be  400  MHx  and  1200  MHx  for  the  coupted- 

cavily  linac.  This  choice  was  made  to  take  advantage  of  _ 

recent  progress  in  linac  technology  ftom  the  SSC  V.  REFERENCES 
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Table  1  M^Paramems 


Qramiferenoe 

192.6 

(m) 

Vertical  Time 

6.21 

byectian  Energy 

400 

(MeV) 

Transition  Gamma 

6.04 

Maximum  Energy 

2.2 

(GeV) 

Peak  Rf  Voltage 

120 

(kV) 

Nomhud  Energy 

2.0 

^V) 

Harmonic  Number 

1 

No.  of  ProtonaAmlse 

1  X  10l4 

rf  Hrequency  @hijectian 

1.103 

(MIb) 

Average  Qnent 

0.5 

(mA) 

rf  Requency  ^Extraction 

1.456 

MHe) 

Injection  Field 

0.417 

(D 

Nundm  (rf  Cavities 

6. 

Extraction  ReU 

1.341 

(I) 

Maximum  Beam  Ctnent@Extractioo 

61 

(A) 

Bending  Magnet  Length 

1.3 

(m) 

Average  Power  Delivered  toBeam 

900 

kW) 

Qnadrapole  hfox.  Gradient 

8.6 

(T/kn) 

Number  of  Extraction  Ports 

2 

Quadrapoie  Length 

0.5 

(m) 

Numbra  of  Target  Stations 

2 

Horizontal 'Dme 

7.28 

A  L4M  Alamos  Design  Study  for  a  High-Power 
Spallation-Neutron-Source  Driver* 
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Abtiraet 

A  dediii  stody  for  an  accelenitor<driven  qnllation- 
neolranaowoettuadorway  a  Los  Alamos.  The  driver,  based 
on  Ihe  LAMFF  ficflity.  produces  a  1*MW  proton  beam  and  is 
upgasMbleloSlifW.  Unear  acoeletation  to  full  energy, 

w  H*  bean  is  accumulated  for  qiproximately  1.2  ms  in  an 
nccnmulator  ri^  and  then  extracted  to  produce  an  introse 
proton  burst,  less  than  1  ps  long,  onto  a  spallation-ta^ 
sysinn  with  a  (S0>Hx  pulse  rate.  The  design  uses  existing 
infmstructure  insirfiu  as  possible  whUe  maintaining  projea 
gohb.  This  pqter  summarizes  the  system  speciflcations  and 
derign  status. 

I.  INTRODUCTION 

Since  the  construction  at  die  Los  Alamos  Proton  Storage  Ring 
^SR)  [1].  there  has  been  a  strong  jmigram  fm  neutrrm 
reseasch  at  the  Manuel  Lujan.  Ir.  Neutron  Scattering  Center 
(LANSOI^  The  PSR  was  desjpied  to  provide  80  kW  of  beam 
pown  to  the  LANSCE  qwUatioo  target  In  view  of  a  possiWe 
iqigr^  for  this  faciUty.  we  have  undertaken  a  study  to 
deUneate  a  system  cqidble  of  deUverfog  1  MW  of  beam  power 
to  an  iqi^raded  LANSCE  focility  with  provision  fw  a  fiitdim- 
increase  in  power  to  S  MW.  The  iMoject  is  known  as  the 
National  Center  for  Neutron  Research  ^OIR). 


The  concept  emerging  from  these  studies  features 
acceleration  of  H*  ions  to  an  energy  of  800  MeV  and 
subsequmit  m^-tnro  intetioo  into  an  accumulator  ring.  The 
composed  pulse  is  then  extracted  in  a  single  turn  and 
tranqported  to  the  qnOation  target 

In  all  the  studies  we  have  stressed  r^fodiiUty  and  low  beam 
loss  as  well  as  technical  performance. 

n.  GENERAL  DESCRIPTION 

The  proposed  scheme  is  shown  in  Figure  1.  The  existing  side- 
coiqiled  1^  (SCL),  whidi  accelerates  beam  from  100  I^V  to 
800  MeV  and  comprises  about  90%  (tf  the  LAMPF  linac.  is 
retained  as  an  intef^  part  of  the  proposal.  The  present  front 
end  consists  of  dim  ion  sources  that  provide  H^.  H*.  mid 
polarized  H*  accelerated  by  Codkroft-Walton  generators  to 
7S0MeV.  The  three  beams  are  mer;^  bunched,  and  nmtefaed 
to  a  201.2S-MHZ  drift-tube  linac  ^  acederadoo  to 
100  MeV.  Our  concept  rqdt^  the  three  sources  with  a  single 
H'  source  cmable  of  providing  up  to  40-mA  peak  current  at 
100  keV.  Beam  is  then  match^  to  a  402.5-MHz  radio- 
freqnency-quaibnqnle  linac  that  bunches  wd  accelermes  beam 
to  7.0  MeV.  The  next  stage  of  acedemdon  is  imvided  by  a 
402.S-MHZ  DTL  to  20  MeV  and  siAseqneat  acederatioo  by  an 
80S-MHZ  DTL  to  100  MeV  for  matching  into  the  805-MIIz 
SCL.  The  many  choices  in  this  qiecifiCi^on  invdved 
cmisiderations  of  beam  dynamics,  reliability,  and  cost. 
Additionally,  the  configuration  can  be  (^graded  in  current  by 
funneling  into  the  805-MHz  DTL. 


*WQck  Sopported  by  the  US  Dqmrtment  Energy,  Office  d 
Defense  nograms. 
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An  nchromatic  tnuiqxxt  line  lakes  the  beam  north-east  to 
the  accumulator  ring.  The  line  also  performs  the  function  of 
<liq)ersiQn  8Ciiq[>ing  to  remove  (^-momentum  beam  particles 
and  contains  magnets  properly  sized  to  avoid  appreciable  field 
string  of  the  H'  beam.  Beam  is  injected  by  single-stage 
string  through  a  foil  and.  after  accumulation  for  some  17M 
tur^  is  immediately  extracted.  Beam  is  then  transported  to 
two  qialiation  sources  and  inserted  vertically  upwards  into  the 
targets.  Experiments  at  the  neutron  source  generally  require  a 
regular  pol%  rate.  Hence,  pulsed  equipment  in  the  linac  and 
ring  must  be  ciqiabie  of  an  8.3  ms  pulse  repetition  time  to 
provide  a  uniform  20  and  40  Hz  to  the  reqrective  targets. 

in.  INJECTOR 

Extensive  development  of  high-current,  high-brightness  H* 
ion  sources  has  taken  place  at  Los  Alamos  both  for  use  at 
LAMPF  [2]  and  for  otlm  inojects  such  as  the  Ground  Test 
Accelerator  (GTA)  [3].  We  require  currents  near  40  mA  with 
an  rms  rntmidized  emittance  of  below  0.020ic  cm  mrad  and  a 
duty  fdcvx  near  9%.  No  existing  ion  source  meets  all  these 
requirements  although  there  are  several  iqrpUcations  for  which 
one  or  mtue  of  the  requirements  has  been  exceeded.  The  4X 
ion  source  develtqied  for  GTA  has  produced,  for  example,  over 
60  mA  at  about  a  third  of  the  requir^  emittance.  However,  the 
nominal  duty  factor  for  which  it  has  been  developed  is  1%. 
The  LAMIT^  ion  source  performs  with  adequate  duty  factor 
and  emittance  but  produces  a  current  of  20  mA.  Similar 
comments  also  aiqrly  to  sources  developed  at  other  insdtutiotK. 
With  a  modest  development  (vogram,  it  is  reasonable  to 
extnqxrlate  to  the  requir^  performance. 

A  more  difficult  problem,  for  which  no  entirely 
satisfactoy  solution  now  exists,  is  that  of  chopping  the  beam  at 
a  1.49-MHz  rate  (436  ns  on,  23S  ns  oft)  to  maintain  an 
extraction  gap  in  Uk  compessor-ring  stor^  beam.  This  is 
currently  done  for  the  PSR  by  a  slow-wave  deflectcM:  in  the 
LAMPF  injectOT  region  at  7S0-keV  beam  energy.  Such  a 
scheme  will  be  difficult  at  the  low  matching  energy  of  the  RFQ 
in  the  NCNR  scheme.  Several  other  options  are  being 
explmed,  among  them  fast  beam  switching  at  a  source  plasma 
electrode  with  modest  pulsed-powo*  requirements. 

IV.  LINAC 

Specifications  for  the  linac  are  given  in  Table  1 
Table! 

Unac  Parameters 


Averaae  current 

1.4  mA 

Average  power 

1.4  mA  X  800  McV=1.12  MW 

Peak  current 

30  mA 

Repetition  rate 

20  +  40  Hz 

Bean  duty  factor 

12% 

Macropulse  length 

1.2  ms 

hficiDpulse  fieauencv 

402.5  MHz 

Chopping  frequency, 
duty  factor 

1.49  MHz,  65% 

The  RFQ  selected  is  similar  to  previous  four-vane  designs 
constructed  or  proposed  at  Los  Alamos  [4].  The  high  ouqxit 
ertergy  of  7  MeV  requires  an  unusual  Iragth  of  6.9  m.  The 
RFQ  features  an  integral  copper  vacuum,  rf,  and  structural 
envelope  and  is  ctmstructed  in  eight  electroformed  sections. 
Each  pair  of  sections  forms  a  loop-driven  rf  segment 
resonantly  coupled  to  the  others  in  a  coiq;>led-cavity  strucUue. 
The  average  structure  power  is  140  kW  with  a  peak  power 
(including  beam)  of  1. 54  MW.  Proven  tuning  algorithms  have 
been  developed  for  this  type  of  device.  Dynmnics  calculations 
show  that  the  structure  have  over  95%  transmission  with 
an  emittance  of  0.02]c  cm  mrad  (rms  normalized)  at  38  mA. 

The  402.5-MHz  DTL  is  designed  with  two  tanks  and  a 
total  length  of  5.43  m.  Permanent-magnet  quadnqxrles  are 
used  in  an  FFDD  configuration.  Drift-tube  bores  are  1.8-cm 
diameter,  ap|m>ximately  10  times  rms  beam  size.  The  DTL  is 
similar  to  designs  tested  at  Los  Alamos  on  GTA  and  other 
projects.  The  t^  peak  power  needed  is  1.48  MW.  This  is  to 
be  supplied  by  a  two-tube  klystron  module  with  each  tube 
providing  a  nominal  1.25  MW  of  rf  peak  powo*.  Beam- 
dynamics  calculations  show  little  emittance  growdi  with  a  test 
current  of  38  mA. 

The  805.0-MHz  DTL  is  similarly  constructed  with  a  total 
length  of  54.7  m  and  consists  of  15  tanks.  The  lattice  is  a 
FFFOOODDDOOO  configuration  using  1.8-cm-bore 
permanent-magnet  quadrupoles.  From  our  loss  estimates  and 
extensive  testing  of  magnetic  material,  we  do  not  believe  that 
radiation-induced  deterioration  of  the  magnets  will  be 
appreciable  over  a  period  of  many  years.  The  ratio  of  q)erture 
radius  to  beam  rms  size  is  greater  than  the  factor  of  seven 
generally  used  at  LAMPF  as  a  "safe”  value.  Beam-dynamics 
calculations  show  small  emittance  growth  with  a  current  of 
75  mA.  The  total  peak  rf  powet  r^uired  is  5.8  MW  to  be 
supplied  by  a  klystron  module  similar  to  that  used  for  the 
402.5-MHziyiL. 

Matching  between  the  four  linac  sections  is  done 
transversely  with  variable  permanent-magnet  quadnqmles  and 
longitudinally  with  pairs  of  buncher  cavities.  The  buncher 
systems  require  a  total  of  50-kW  peak  pown^  and  are  supplied 
by  six  tetrode-driven  supplies. 

Studies  and  experimental  results  Imve  ^own  that  the 
LAMPF  SCL  (100  to  800  MeV)  is  quite  adequate  fin'  NCNR 
purposes.  Note  that  the  LAMPF  facility  has  functioned  as  a 
provider  of  beam  at  1-MW  levels  at  a  tq)etition  ntc  of  120  Hz 
with  a  mictopulse  frequency  of  201.25  MHz.  At  these  levels,  it 
(iterates  under  low  stress  and  has  had  a  long  history  of  high 
reliability.  Our  proposal  nearly  doubles  the  peak  current. 
However,  the  increase  in  mictopulse  ftequency  to  402.5  MHz 
results  in  a  similar  charge  per  beam  bunch;  die  single-bunch 
beam  dynamics  is  hence  unchanged.  Because  of  the  65% 
chopping  duty  factor,  the  peak-average  current  is  19.5  mA, 
slighdy  above  the  present  nominal  current  of  17  mA.  Total  peak 
power  is  dien  nearly  41  MW,  to  be  sufqilied  by  the  exisdng  44- 
klysion  system.  Taking  into  account  die  ratio  of  total  supplied 
power  to  structure  losses  (~4/3),  the  additional  average  power  to 
be  supplied  is  some  4%,  well  within  the  present  rf-system 
reserve  c^Micity.  Hence,  no  substantial  upgrade  is  needed. 
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VI.  UPGRADE  OPTIONS 


A  remaining  question  is  the  SCL  response  to  the  cht^ing 
paueni.  Beam  lo  the  PSR  is  civrently  aqiplied  m  about  one* 
thiid  the  NCNR  peak-current  requirement  and  at  twice  the 
chopping  frequency  with  no  ^rceived  perturbation  to 
performance.  Combined  structure  and  beam-dynamics 
calculations  show  that,  under  NCNR  conditions,  the  cavity 
fields  will  vary  uniformly  in  each  tank  by  about  1%  during  the 
chofqiing  cycle  but  will  have  little  efiect  on  beam  quality.  This 
poim  will  be  tested  in  an  upcoming  series  of  experiments. 
Further  discussion  of  the  linac  stability  is  found  elsewhere  in 
these  proceedings  [6]. 

Recent  advances  in  fast  adaptive  feed-fmward  control 
techniques  Uli  proven  on  opoating  systems,  will  be  very 
useful  in  achieving  low-loss  beam  control  in  the  linac  and  will 
soon  be  tested  on  the  SCL.  Studies  are  underway  fw  high- 
current  adaptations  to  tuning  techniques  such  as  the  At 
method.  Programs  are  also  in  place  to  study  halo  growth  and 
develc^  techniques  that  minimize  beam  loss  [8]. 

V.  ACCUMULATOR  RING 

The  accumulator  ring  will  be  given  short  treatment  here;  it  is 
described  more  extensively  in  an  accompanying  paper  [9].  The 
major  parameters  are  however  listed  in  Table  2. 

Table  2 


AccumulatOT-Rin 

{Parameters 

tine  circumference 

168.9  m 

Accumulated  turns 

1790 

Ixtracted-beam-bunch  length 

503  ns 

Stored  protons 

U  X  101“ 

Peak  stored  current 

57  A 

Averase  extracted  current 

1.25  mA 

The  ring  is  designed  in  a  racetrack  configuration  as  implied  by 
Rgure  1  and  has  dispersionless  straight  sections  and  arcs 
configured  as  second-tmlw  achromatic  bends.  Injection  is 
non-Liouvillean  with  a  single-stage  foil-stripping  process  and 
has  an  efficiency  of  better  than  90%.  First-turn  losses  by  field 
stripping  of  excited  neutrals  are  minimized  by  placing  the  foil 
in  a  specially  configured  magnetic  field.  Injection  painting  is 
done  to  minimize  foil  intmaction  and  to  control  the  transverse 
distribution.  This,  along  with  an  adjustable  chromatic 
contribution  to  Landau  damping  and  introduced 
anharmonicities,  is  used  to  control  ring  stabUity  by  tune-sprred 
damping.  A  clean  extraction  gap  is  maintain^  by  a  five- 
harmonic  barrier  bucket  to  minimize  extraction  losses  and  to 
avoid  the  electron-proton  instability  as  well  as  to  provide 
adequate  matching  to  the  injected-beam  Irmgitudinal  phase- 
space  structure.  The  inject  beam  is  swept  in  energy  to 
control  the  longitudinal  distribution.  High-order  studies  are 
underway  to  assess  qiace-charge  nonlinearities  and  to  ms|)  the 
tune  space  q»nned  by  the  beam.  Correction  of  high-ruder  stop 
bands  will  te  dcxie  1^  introduction  of  nonlinear  elements.  A 
continuing  prc^ram  of  theruedcal  and  experimental  studies  is 
underway  to  refine  the  design.  Here  we  are  particularly 
challenge  to  maintain  low  leases  (<10*^)  and  the  design  will 
mclude  halo  adlitnatots. 


Although  the  major  thrust  of  our  study  has  bemi  toward 
the  1-MW  scenario,  several  option  have  been  proposed  for  an 
upgrade  to  S  MW  and  we  have  included  features  needed  by 
th^  options  in  our  design.  The  new  linac  fioot  end  is  highly 
adquable  to  funneling  for  increasing  the  current  by  the  needed 
facuu  of  S  if  a  final  energy  of  800  MeV  is  retained.  In  this 
case  further  w(uk  is  needed  to  establish  the  current-canying 
capacity  of  the  SCL  and  a  multiple  ring  system  would  be 
needed. 

The  alternative,  a  higha*  beam  enorgy  of  up  to  2  GeV,  is 
very  attractive.  Hne  a  single  ring,  but  with  a  substantially 
difierent  lattice,  iqq)ears  feasible.  Replacement  of  the  CCL 
with  a  superconducting  lituic  would  use  the  existing  LAMPF 
infirastructure  and  would  ensure  insensitivity  to  the  chopping 
pattern  that  poses  problems  for  a  low-sto^-energy  room- 
temperature  structure.  Studies  on  upgrade  altmnatives  are 
continuing. 
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SUMMARY 


INJBCnON  STRATEGIES 


Oliaetvalioas  iitfeakty  ^liKlB  oo  Ike  proton  bgection  dm  Liaac  H~  beam  ie  aooonfiiyMd  onag 

pwfiinnim  of  the  AGS  Booeler  me  pwetetl,  taclodtaf  > 200  itgcartoaetiypiag  foil  m^BooetervacaamcheiBber. 
pnmaft  openiioBel  limils  aad  oomctioa  aMdiods.  The  This  foil  is  located  toteon^^aadlnifiiH)  of  temeclaae. 
twaive«memittaBcee,opdBSBntnBe'eroridBtpomtB,daiBpiag  The  beam  from  dw  Liaac  is  initial^  aaddied  to  die  Booster 
erf  cohewat  twmwmee  oarilktiona  aad  cottecdon  of  etopbaad  lattice  and  steeced  onto  fte  loca^  distorted  eqnilibfmm  oibit 
leecaiaacwdiroR^diiid-owiBraiedierneeHlmadditiootodie  at  die  fial  ueint  the  traaelwf  Bne  megaetic  elemente.  The 
observed  tone  ^mad  doe  to  space  diaige  frMoes.  Theautial  tiMeveieeeniittaBoeroBBMydonhIfadnringdiieprocemadiicfa 
longitBdiaal  phase  space  diatribmion,  ciytefe  and  aoceleiation  leaveeitatillsmall(12«  amHar,9S%  iionnali»d)frtativeto 
panwiMiters  and  awasaiements  ate  alao  given.  Opeiatianal  die  Booster  apeitme  (SO  «  maMir)  and  also  relative  to  the 
tools  aad  stmlegiee  relevant  to  die  hi^  inlenaity  aetiq>  are  emiltance  needed  for  hi^  inteaai^  acoelemtion. 
awnriooed  The  local  orbit  dislortian  is  obtained  nsiag  ibnr  lint 

hgectkai  ring  nsigneie  drtt  allofw  ordiotomd  tune-dependent 
OVERVIEW  ACCELERATOR  pmadon  mid  angle  control  of  the  eiiiiilibrram  orbit  at  the 

agecthm  point.  This  bmnp  ia  need  to  conpsnmte  for  die 

The  pieseat  high  intensity  proton  mode  of  operatioo  of  *12.taiBiadialssolionofdie  orbit  at  the  foil  daring  dm  2S0|ts 
the  Booster  synchrotron  is  as  a  rapid  cydiag  (SH^  amcfaine  iqecdon  period  censed  by  the  3T/aee  dB/dt  at  iqjeclian.  and 
whioh  aeoepta  the  200  MeV  Linac  beam  aad  delivers  a  b>  relax  the  orbit  away  from  the  foil  after  iqectaon.  Aa 
iiondmd  l.SGeVbeamtotimAGSaooelecator.  TheBooater  additianal  alow  oatwaid  bniqp  aasarm  that  the  eqpdibr^ 
drcBiBforeaoe  was  designed  to  be  k  that  of  the  AGS  so  that  oi^t  ia  completely  off  the  foil  once  the  foat  bamp  hm 
fbor  Booster  c^REdea  fill  the  AGS.  By  reqpniiag  dm  eatiaction  cfdlqmed. 
rf  freqnenqr  of  foe  Booster  to  be  dm  aaRm  aa  dm  ngection  rf  5 

fieqoenqr<ffdmAGS(wididmratio<ffhannaoieiiiiBibers  « 

U),  preriae  bandh  to  backet  transfer  is  achmvad.  Details  of 
early  commiaaiooiag  have  been  gtvan  m  previoas  proceedings 
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■‘-W  -M  x-i!8llim«^  0 

Figare  2.  Booster  iigectian  phase  apace  rhowiag  dm 
coraponent  of  closed  orbit  motian  doe  to  dm  fiat  ngectkn 
bamim. 


*Worit  performed  onder  iilm  mupioes  of  dm  U.S.  Dept,  of 
.Bneqy. 

^Fermahaniadiheao*  KEK. 


Li  order  to  iJiiwimtaa  dm  emittanoe  growdi  due  to 
iBBltfole  paaam  duoiqh  fee  foil,  the  feat  bump  is  trimmed  to 
oflhet  dm  eiiailibrittm  Mbit  alighdy  toward  dm  outside  edge  of 
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IlH  fad  (nliiivtio 


dw  femaiBg  bam).  TMa  pwc—  im 
qpaliftad  «iilf  bbaoMa  i^iaclBd  bcaoi  pcMdiaD  feom  a  PUE 
loaiid  iflaafiMaly  dgwMte—m  of  dw  foil,  tad  tnyoO^ 
(niiiivo  to  Ibo  oqpflibanai  cabd)  mfonoMioB  from  the  oo^iae 
ndyM  of  digitiMd  Hidlilam  data  fraa  a  aaoood  PUB  [3]. 
Bofo  Amo  aMaawMBaot  leciiaiqiiea  hava  oootHmad  to  fiva 
vahfoUe  for  oparatim  m  mahitamiiig  alaUe 

ogaclkai  cwiditiniia. 

LONGITUDINAL  CONSIDERATIONS 

Tha  ff  qrcle  basma  bunclHo^aickat  uyactkn  foa 
foat  cboppad  Lone  baam  ioto  a  moving  1.4  eV-o  bnclDet  at 
3T/aacwidi90kV<tf  rfvollaga.  Tha  energy  dntribotioii  of 
the  200  MeV  H~  Liaac  baam  waa  meaanred  by  bunch  lotatioo 
manaa-matdMdbodcattoba  Ap^  ">  ±  3  x  10^  for  90%  of 
die  baam  Tbia  energy  apeead,  togadwr  with  dw  duaige  in 
qmchronoaa  energy  the  moving  bodeet  for  die  230  pa 
nyactiott  pidae  kogdi  ia  ipproximately  equal  to  die  budwt 
heiAbt.  The  nault  ia  an  eaaenrially  umfotmly  filled 
larlnt.lrartinj  to  a  hmu^mg  foctor  (avecage^wdc  cumot)  of 
0.47.  Figure  3  rhowa  a  mountain  range  oaeillognqih  a 
ka^dndiBd  picfcnp  for  die  fint  3  ma  of  die  cycle.  Uang  die 


Figure  3.  Moudain  range  throng  the  cqituie  prooaaa. 


TRANSVERSE  CORRECTION 

Much  of  die  oordiol  of  die  Booater  machine  parametera 
ia  done  from  a  hi|h  levd  perspective.  The  main  dqxdea  and 
qnadnqwlea  are  powered  in  aeriee  from  die  Main  Magnet 
power  aqpf^.  Bare  madiine  funetkoa  (e.g.,  tune  and 
dnomaticity)  have  been  meaanied  aa  a  function  of  main  field 
and  dB/dt.  Variationa  of  die  bare  tunea  aimply  acale  widi 
(dB/dt>/B.  An  ovnlqr  of  incremeiital  tune  and  dumnaticity 
can  be  mapped  onto  diM  bare  madune  functiona  aOowiiig  die 
near  to  deal  only  widi  die  final  tone.  Theunoorrectedmadiiiie 
doaed  orbit  ia  neariy  fidd  independent.  Girrection  of  the 
tranaverae  doaed  orbit  ^atortiona  ia  aocompKahed  by 
meaaoring  die  orbit  harmonica  (inimarily  4th,  Sdi  and  6di)  and 


ooeiectiogtlwatormmnniBnlnm.nanallyatornaariniartion 
Them  oorractiona  aae  foan  acalad  progmmmntieally  with  foe 
main  guide  field  B(t)  function  to  axtrapolalB  aruf  coned 
foror^mut  the  cyde. 

Second  aad  foird  order  atopband  conecdona  have  been 
auceeaaftillyparamiiteriiiBdmain^fbnctionarrfB,  dB/dt  and 
radial  poaition  throi^  exteoaive  atudy  widi  low  inlerMity 
baania  on  main  mngnet  cydea  tailored  to  give  a  variety  of  dam 
dependenoaa(4].  Tbia  work  alao  identified  two  potendatty 
important  d^  order  linm  driven  by  rkaw  aextupole  fielde 
wl^  were  not  oripnally  ooneddile,  but  for  wUfo 
conecdona  have  bean  added  to  foe  ktdoe,  dlowmg  the 
atopbamla  to  be  effideody  compenaated  for. 

The  iigacdon  dB/dt  waa  incieaaed  to  3T/aec  (a  ficlor  of 
five  over  that  need  laat  year)  and  foe  tranaitinn  to  fuD  dB/dt 
(7T/aec)  wm  foortenad  to  reduce  the  time  rpetd  at  lower 
energim  (largeat  tune  spreada)  ia  order  to  reduce  the  impact  of 
the  pertyheral  atepbanda  on  foe  beam. 

HIGH  INTENSITY  TECHNIQUES 

For  hii^  intaoaity  operation,  the  tranaverm  aperture  of 
die  "«■<*"«*  ia  fiilly  udlimd  at  iigecdon.  The  diffceerniation 
of  beam  lorn  due  to  die  tranaverm  and  longitudinal  teebnignm 
invoked  to  get  to  hi^  intenaity  (e.g.,  fint  bump  program,  rf 
vdtage  and  radial  ateering  programa)  fiRim  loaam  foiven  by 
foe  hi^  intenaity  itaeif  (e.g.,  atopband  loaam  fiw  from  foe 
operating  point,  rf  beam  loading)  ia  critical  in  rdining  foam 
tedmiquea.  An  invaluable  aid  indefiniag  due  aaparationia  foe 
730  keV  chopper  [3],  the  primary  fimetion  d  whkfo  ia  to 
*diop”  die  Linac  baam  ”m  tuna”  to  fit  inlo  die  Booater  RF 
bwfoets.  Thiadiopper  can  alao  eUnmintB  a  precim  fraction  of 
due  pro4iondied  beam  ahogedier  and  dwreibre  reduce  foe 
intenaity  while  preaerving  die  overall  tiniB  developraent  of  foe 
iiyection  procem.  In  due  mode,  die  rf  chopper  behavm  Idee 
a  ’kxtyitndinal  aiewe*.  Sm  Fignre  4.  ^  redumag  die 
normal  200  turn  mjection  to  20  fohite  tnme,  non-iiiifneity 
dependent  beam  lorn  aonrem  were  cleanly  identified. 
Altemately,  due  rf  diopper  permita  iigection  ot  a  few  tnma  rt 
toy  time  during  the  iigection  interval  wUdi  then  aOowa 
obaervation  of  the  survival  of  that  part  of  die  procem;  again, 
in  the  abaence  of  hish  intenaity  dlfecta. 

llfifo  foe  tods  availdile,  it  hm  been  poaaiUe  to  defom 
operationally  starting  valum  for  die  irgection  tngeclory, 
iigection  field,  irgeetkn  fint  bump  program,  and  rf  capture 
parametets  independent  of  intenaity  measaremente.  Stopbaasl 
correctiona  were  also  ddined  fi^  low  iinansity  sfodiea. 
Them  aetnps  have  required  little  adjustment  when  intensity 
optimization  is  added  m  a  constraint. 

Referring  again  to  die  hyection  tnyeclory  metdi, 
erqierinieots  are  in  progrem  to  eaqdore  die  intantkmal 
mismatch  of  die  hyection  and  equilibria  orbits,  leading  to  a 
known  tranaverm  dilution  or  'smoke  ring”.  While  due  is 
expected  to  be  more  effective  in  dm  vertical  ^ane,  it  hm  been 
tyifdied  to  dm  horizontal  plane  m  a  by-product  of  reducing  fiiil 
loaam.  Documentation  of  dm  beam  aize  duoushout  the  cyde 
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mi  had  to  a  aat  ntollar  WBitoMce  at  axtiaelka. 


MKin  MK  -  uil  rMT  oami  Mtol  SU:17:«MM 

^j»f:  M.I  faW/taM  IjM:  1.2  I/Mt  UJ  tan*:  2M  lJbMK2t.lll  lO 
K.C.:2M.<Mr  fjM:  tS.2  Hte/lM  »liU:UI.I  *• 
awli«  m  iNMli  Statl«Mr«  Ikt 
•nk  1.8  1.H  aO(  l.tt  <Ma  (hl.,88lK  S.M  <■• 

■•tot:  2.SM1  2.8  aar  1.8  im 

■•tot:  U.«  Mb  U.N  Mb  14.8  Mb  fclU  ■:  i.ll  ca 

■to^tUa  tIaK  28.2  «■••  Siaah  Frav  2.ttl  Bb  Noto  •••:  l.M 
rilIJNattaa:  8.2  I  *f  laaMi  hatot  tiaj  parttoiM:  L8hU 


Pigiiia4.  Loiigitiidtoalphaae^paoa:  ‘diliila*  populatioa 
20  tofM  iqiactod  ovar  dw  piriod  of  200  tonia. 


Tlia  ability  to  (kop  tnoavana  oobanat  inalidMlittei  hn 
baai  iaoaipoiatod  into  the  Booaler  and  is  diacnaaed  abawheio 
in  thaaa  piooeediqfB  [6].  Fnat  evidence  dieae  iaalabilitiea 
has  been  seen  at  an  inleaaity  of  S-TTP  widi  toe  vaitkal 
cbfonnticity  set  to  •0.25  and  a  vaetical  tone  of  4.04.  Atdua 
tolenaity,  die  iaatabiitty  tvaa  aiiminattid  by  decreasing  die 
duonaticity  toward  -1. 

an  kgactod  beam  intensity  of  1.5  X  10^^  protons, 
9  X 10^^  protons  have  been  acoelenaed  to  antiactioB  anetgy. 
To  a^iBve  tois  iaienaity  it  was  nacessaiy  to  move  dm  vaetical 
betatron  tone  op  to  near  toe  mtoger  (Qv  >■  4.94)  dnriity  die 
aari^  paet  oi  dto  acceleration  cycle  (bare  arndnne  tanea  are 
Qh,v  •  ♦  .6).  A  cdctilatioo  of  die  incoiierMit  tone  tyread 
nai^  toe  leiarion  below  fT]  yiehb  a  vdoe  of  0.3  wito  die 
fiDOowiag  parameteia;  r.  »  l.S3SE-lton,  N  «  9E12  protons, 
e,4<95%)  -  60  «  nan-mr,  p  -  0.5662,  y  -  1-2132  and 
B  (bandnag  factor)  -  0.47.  It  is  ■aanmed  for  das  oetimatr 
dmt  dMi  beam  is  ronnd  and  has  a  Oanasian  density  distfibidioo 
iifaeredieanMltanoeendoaed95%  of  die  beam. 


Otven  dw  working  point  and  toat  moat  of  toe 

2ad  and  3ed  order  atopbanda  in  top  operating  tyiadrant  of  tone 
apace  are  ooiiectod  Oinear  conpliag  is  smdl  and  corrected), 
and  toat  dtora  was  an  ancofiecled  stopband  at  (2v  «■  4.67, 


beam  lorn  at  intmaitim  greater  toan  9  x  10^^  protoae  is 
oonsiatent  wito  that  cgqwcted  from  toe  mcoherant  tone  spread 
tois  hipb  mienaity  beam. 


and  widiout  a  perticalar  stopband  (omctioo  applied. 
Upper  trace  yields  9.6  TP  late  in  the  tyde. 
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RESULTS  SRCMi  C(»IMI8SI0^BNG  TBE 
AGS  ROOSTER  ORBIT  SYSTEM* 

E^Mmst 

AOS  ORpRitiB—t,  Btookhavai  WtiaaBi  Labonloiy 
l^Moa.  NY  11973 


1.  IKTRODUCnON 

Thto  RolB  nporti  nwlls  fimn  tiwooamuMioMif  of  SwBR 
ifsIiiRB  io  Sm  AOS  BoosHer  [1]:  Sw  baMB  podtioB  SKUiitor 
qnlMB.  vIMi  wmki  to  a  idiiivB  aoconqr  of  0.3S  laitli* 
■slaw;  Sw  EBBOtwelad  Boortar  oriiat.  whidi  hai  qute  taife 
MfEoniaaMt  and  tin  pamtvR  oddy  currant  comction  ajnlaoit 
nifci  UfaHiMleR  all  lot  a  few  paaoaat  ot  dw  eddy  eurrain 

QipQiS  OniCI* 

n.  RESULTS  FROM 

THE  nSAM  POSrn(»l  monttchi  system 

Figma  1  ahowB  an  upconecaed  orbit  m  dw  Booater  as 
Enwanad  by  die  beam  poaitiaa  monitar  (Bnd)  ayalnnCQ* 
ftbaaeiieanionacif  llSnniadiem  iSmaiwcNiidbawabaatt 
ancaaahia.  TUs  oabit  is  fetfy  oonacfeble  by  die  noafiaf 
RMignat  aysbMnao  tt  la  not  dslalaaaQtn  to  aaRi^bme  ooaaalitEt  bot 
it  does  laiaa  aawelal  gBaationa  as  to  dw  vaddity  ofdto^M 
ayalaaB^  fea  qpaafity  of  fee  amfelats,  and  dia  accaiacy  of  dw 
natvaiy.  fa  a  new  nachiaa  aO  pabblenis  aia  powibla. 


fa  Older  to  dwdc  out  dw  Bm  aysteaa  dw  few  axtnKtioa 
baaap  BWiaets  were  each  powered  individual  and  a  dtfler* 
anoe  oibit  was  found  Iqr  subtiactBig  dw  Bito*bHbed  oibB  fioB 
the  iNunped  ofbit.  A  typical  laauit  is  ahown  in  Fifuia  2. 


0  ai  02  03  0l4^^jO6  07  08  09  1 
RguiaZ. 

A  diffennce  ofbit  abowing  dw  effect  a  bnap  magnet.  The 
Y-axis  is  dw  difference,  X,  in  millimelBrs  divided  by  dw 
sipnia  root  of  dw  local  Twias  beta  fonctioB  in  meters.  TlwX- 
axis  is  t|r ,  dw  phase  advance  around  the  madiine  divided  by  2s 
Q,  where  Q  is  the  tune.  The  bump  magnet  is  located  at  « 
0.5.  The  foraafeR  [3]  X(s)  >Kcos(2sQ*i9)**  ^d'^d 
over  dw  range  -0.5  <  ^  <  +0.5. 


We  can  assume  dwt  the  output  of  a  BPM  is  given  by: 

X  -  a  +  b*x 

where  a  and  b  are  conatmts,  preferaMy  0  and  1,  and  x  is  dw 
actual  positiao  of  the  beam  in  dw  BPM.  We  cm  evaluate  eadi 
BPM  ^  powerii^  etidi  of  the  four  magnets  at  two  different 
currents,  aaeumiBg  dw  actud  beam  positian,  x,  is  dwt  given 
far  dw  curva  fitted  to  dl  twenty-two  points,  and  dwn  compar- 
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lag  As  —Miiridl  poittioi  agiiMt  Aat  callad  for  by  Ae  fit. 
ngua  3  Aowt  •  typical  iMidt.  In  sum  the  BPM's  ara  Imear 
ovar  a  cai^  of  ±25  mm.  Ae  average  viAw  of  h  ia  1.006 
±.03.  and  for  AfSmooe  orbita  the  Bl^  meaaaree  a  change 
m  poaitian  to  an  aocnmcy  of  0.36  nun.  b  additiao  Aia 
pcoeaaacalAmea  Ae  extiactkm  bmape  m  aitu  to  an  accuracy 
o#l«. 


Figure  3. 

A  plot  fi)r  one  BPM  of  X  meeauied  for  various  bumpa  versus 
the  beam  positian  (uedicted  by  fitting  the  fimnula  of  Figure  2 
to  all  22  BPM's. 


m.  EDDY  CURRENT  EFFECTS 

We  can  oonclode  that  die  BPM  ^em  is  very  good  for 
difiennoe  orbits  but  we  atUl  do  not  have  any  informatioa  on 
dm  absolute  mbit,  diown  in  Figure  1,  which  can  have  many 
poaaible  aooioea  •  fidd  errors,  surv^  errors,  or  ofiset  terms, 
a,  in  die  BPM's.  Befiue  pursuing  diis  question  we  can 
evahiale  die  absolute  orWt  as  a  function  of  magnetic  field 
streogA,  B,  and  m  a  function  of  rate  of  change  of  field, 
dB/A. 

The  Boaster  is  a  rqiid  cycling  machine,  going  from  600 
to  5000  ganm  in  60  milliseconds,  and  it  has  stainless  sted 
vacmim  diamber  in  the  field.  To  conqiensale  for  the  high 
eddy  cunents  produced  in  the  vacmim  cfaanAer,  a  passive 
correction  qrstem  [4]  has  been  inddled  vdiich  consists  of  field 
windings  pfaned  on  die  chamber,  uhich  windings  are  powered 
by  windings  around  die  magnet  poles.  The  system  is  designed 
to  balance  the  aeatiqide  conqwnent  induced  by  cunents  m  the 
vacunm  dianAers.  Thus  there  are  four  cmitribution  to  the 
dqmle  field:  1.  The  main  fidd  of  the  magnets,  by  far  the 
hugest:  2.  The  Apde  fidd  produced  by  die  cunents  induced 
in  die  vacuum  chiunber,  retards  the  main  fidd:  3.  The 
dqiole  fidd  produced  by  die  currents  induced  in  Ae  windings 
anumd  dm  magnet  poke,  vAicb  also  retards  the  main  field: 
4.  The  dqurie  fidd  proceed  by  the  windings  placed  on  the 


vacuum  duunbm,  whidi  are  connected  so  as  to  add  to  the 
main  fidd.  As  long  as  these  effects  are  uniform  from  magnet 
to  magnet  thqr  are  of  no  consequence  and  there  should  be  no 
obaervable  orbit  dependence  on  dB/A.  However,  comparing 
orbits  at  two  Affer^  vdues  of  dB/A  gives  the  result  shown 
ia  Figure  4,  a  significant  effect.  The  orbit  can  be  niedy  fit  by 
assuming  a  dipole,  propottiond  to  dB/A,  located  d  Ae 
iiyection  magnet,  a  qiecid  magnet  wiA  a  apedd  vacuum 
chanbm.  Subsequent,  unrdated  work  discovered  tint  Ae 
oorrectioo  qrstem  for  this  qwdd  case  was  miswired.  After 
fixmg  this  case  there  still  remained  a  small  dependence  on 
dB/A,  which  we  attribute  to  randcHn  errors  in  die  eddy 
currants.  In  particular  for  die  Booster  Ais  orbit  ooneqioode 
to  random  bead  errors  of  0.01  milliradiaasor  .2Gniss.  .Table 
1  summarizes  the  expected  edify  current  fields.  We  can 
conclude  that  the  individud  elements  are  good  to  3%  to 
produce  this  smdl  an  mbitd  effect.  These  effects  are  nA 
significant  ft>r  the  Booster  orbit  but  diey  do  enaUe  us  to 
IMoject  that  the  eddy  current  sextupoles  are  corrected  to  3%. 

Table  1. 


DIPOLE  EDDY  CURRENT  FIELDS 


SOURCE 

FIELD 

GA0^ 

Vacmim  Chamber  (7  G/ms) 

-20 

Correction  Winding 

+  5 

Random  Error  from  Orbit 

0.2 

Figure  4 

A  difference  orbit  conqNuring  uncorrected  orbits  as  in  Figure 
1  taken  at  dB/A  vdues  of  S  G/ms  and  70  G/ms.  The  origind 
orbits  lode  quite  similar  and  a  significant  Afference  beemnes 
apparent  only  on  subtraction.  The  curve  is  generated  as  m 
Figure  2  by  assuming  a  bump  at  the  injection  magnet. 
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IV.  CONCLUSION 
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Becnne  sevMiI  aqiwto  of  the  orbit  were  easily  »• 
piaiaed,  a  fiur  dlbft  was  aaade  to  find  a  single  source  the 
orbit  of  Figure  1,  but  widiout  success.  In  tte  Booster  desiga 
namud,  random  suiv^  errors  for  quadnqmles  of  0.3  millime¬ 
ters  nns  were  assumed  and  20  random  distributions  were 
calculated.  The  worst  result  is  diown  in  figure  S,  and  it 
agrees  remarkably  well  widi  our  memured  orbit.  Apparently 
the  simplest  eafdiHiatioo  fi>r  our  observed  orbit  is  that  the  ran¬ 
dom  ■ligmiiMir  errors  have  occurred  in  such  a  way  that  we 
have  built  a  madiine  widi  an  orbit  in  the  fifth  percentile.  To 
«— our  pmftierinnal  pride  we  shall  redign  it  in  the  next 
nagor  dmtdown,  and  hope  that  the  gods  of  chance  are  more 
fiworably  dugMsed  toward  us. 


Figure  S. 

The  meaenred  data  of  Figure  1  plotted  along  with  a  curve 
generated  in  die  1988  design  study  vdiich  assumed  a  random 
distfibodoo  of  siirvqr  errcMS.  The  conclusion  is  that  the 
measured  orbit  could  well  result  from  a  random  distribudon  of 
surv^  errors,  vdiidi  were  within  our  rms  tolerances  of  0.3 
millimeters. 
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T.  GaravagUa,  N.  Mahal«,  and  J.  Petostn 
Superconducting  Super  Collider  Lab<Mrat(»y* 
2550  Beckleymeade  Ave.,  Dallas,  TX  75237  USA 


AMrmei 

Survey  etnas  in  the  global  alignment  of  the  SSC  can 
aSect  its  petfiomanoe.  These  emos  can  result  in  an  un¬ 
certainty  in  the  drcumfertmce  of  the  Collide,  and  this  can 
produce  a  mismatch  in  the  transfer  of  bunches  from  the 
HEB  to  the  I^C.  An  uncotainty  in  the  half-circumference 
of  the  Collider  will  reduce  the  luminosity.  Tb  estimate  this 
effect,  an  e3q>reaBion  is  given  for  the  luminosity  as  a  frmc- 
tion  of  crossing  aa|^  and  half-circumference  difference.  In 
additioa,  estimates  are  given  for  closed  orbit  distortion, 
vertical  diq>erm(m,  and  tune  shift,  resulting  from  drcum- 
ferential  axon.  Suggestions  are  made  for  correcting  the 
effects  resulting  from  ^obal  survey  errors.  Farther  details 
may  be  found  in  [1]. 

I.  INTRODUCTION 

Performance  of  the  Superconducting  Super  Collider 
(SSC)  will  require  precision  in  global  and  local  survey 
omastent  with  the  survey  pteciinon  required  of  individual 
cmnpmients  guiding  the  bmun.  Local  transverse  misalign¬ 
ment  gives  rise  to  a  closed  <abit  error  and  a  tune  shift, 
and  these  effects  should  be  within  the  range  of  the  cor¬ 
rectors.  Survey  emos  also  lead  to  an  error  in  the  circum¬ 
ference  the  Cdlider,  which  has  two  consequences.  The 
first  is  a  mismatch  in  the  circumferences  of  the  High  Ehi- 
ergy  Booster  (HEB)  and  the  Collider.  Either  this  has  to 
be  compensated  by  moving  the  <abit  of  the  HEB  or  the 
concfonitant  increase  in  longitudinal  emittance  has  to  be 
acceptable.  The  second  u  an  error  in  the  location  of  the 
detectors  (  half-cicumferential  error)  on  opposite  sides  of 
the  ring.  The  bunch  crossing,  if  perfect  on  one  side,  will 
be  mismatdied  <mi  the  other  side,  and  this  will  lead  to  a  re- 
ductkm  in  luminosity,  which  has  to  be  corrected  by  moving 
the  interaction  point  where  the  mismatch  occurs. 

There  are  two  principal  ccmtributions  to  survey  err<»8. 
The  first  is  the  uncertainty  in  the  location  of  the  prind- 
pal  survey  monuments,  approximately  4.3  km  apart,  at  the 
tunnel  levd.  This  uncntainty,  resulting  from  the  Global 
Positioning  System  and  transfer  to  the  tunnel  level,  is 
of  the  orda  3<r  ~  15(22)  mm,  with( without)  sight  pipes,. 
The  second  is  the  positioning  of  the  secondary  monuments. 
Between  the  principal  tranrfer  monuments  there  are  sec- 
<Hidaty  monumoits  spaced  at  30  m  to  45  m  apart.  The 

*0|p«nt«d  by  the  Univenitiee  Reaeardi  Asaociation,  Inc. 
the  U.  S.  DepartmeiU  at  Energy  under  Contract  No.  DE-AC36- 
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locatkms  of  the  secondary  monumants  have  random  errors 
with  e  0.5  mm.  Even  rfler  the  initial  survey,  <^er  mis¬ 
alignment  emos  can  occur.  Thnnel  survqr  shows  that  the 
LEP  transverse  alignment  is  deterkaating  approximately 
140  fan  per  year  p].  In  addition  there  can  be  a  systematic 
radial  error,  as  observed  in  HERA  [3],  due  to  hcoisontal  re¬ 
fraction  during  angular  measurement  and  inaccuracies  in 
the  self-centoing  of  the  theodolite  and  targets.  This  error, 
mnTiinuiTi  value  tos  HERA  being  16  mm,  is  estimated  to 
be  30-50  mm  for  the  SSC. 

11.  CIRCUMFERENTIAL  ERRORS 

The  arc  length  between  two  transfer  mmiamaits  can  be 
represented  by 

sioo) = jf  p(m+ 

(1) 

with  radius  p($)  s  po+ci-f  C]S«n(ir6/0o)>  where  ci  (radial) 
and  500  (angular)  ate  random  errors,  and  cy  is  the  maxi¬ 
mum  systematic  radial  deviation.  Tb  first  order,  the  error 
in  the  part  ci  the  drcumfexence  between  two  monuments 

AC(0o)  =  ±(l(ei0o)’  +  (po00o)*]''*  ±  2€a0o/*),  (2) 

where  0o  ~  for  N  transfer  mmiuments  in  eadi  arc. 
The  total  uncertainty  in  the  circumference  resulting  from 
the  two  Collider  arcs  is  at  least 

AC.r«  =  ±{y/^[{€i$o)^  +  (/>o50o)*]''’  ±  4ej).  (3) 

With  po69o  ~  6i0oi  and  ej  =  0,  (3)  gives 

ACarc=2ir€ily^.  (4) 

For  TV  =  8,  and  ci  =  3<r,  (me  finds  at  the  three  sigma  level 
ACarc*  =  33(49)  mm,  with(without)  sight  pipes.  The  ran¬ 
dom  error  could  be  reduced  with  additional  transfer  mon¬ 
uments.  The  systematic  errors,  however,  could  be  the 
major  source  of  circumferential  error.  For  the  case  with 
(2  =  30  — »  50  mm,  one  finds  a  systematic  circumferential 
error  4e2  ~  ±(120  —*  200)  mm,  which  should  be  added  to 
the  random  error. 

In  a  straight  section,  the  ideal  distance  between  transfer 
monuments  is  Ri .  If  <me  assumes  an  error  vector  a  at  each 
ideal  location,  then  the  vector  distance  between  nxmument 
locations  t  and  j  is  f=  Ri  + Si  — Sj.  When  averaged  over 
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the  aaglee  between  the  vectors,  one  finds  the  change  in  the 
distance  between  transfer  monuments  to  be 

Fi»  each  straight  section,  the  maximum  systematic  dis- 
taace  mm  resulting  from  the  misalignment  of  /ft  pairs  of 
transfer  monuments  would  be  Nia^/Ri. 

Between  the  transfer  monuments,  there  are  secondary 
monuments  spaced  at  iZa  ~  30  m  apart.  For  Nj  pairs  of 
secondary  mcmuments  with  error  vectors  6,  the  estimated 
distance  error  would  be  Ntb^/R^.  For  both  straight  sec¬ 
tions,  the  chan^  in  the  circumference  of  the  ColUder  re¬ 
sulting  fitom  systematic  monument  alignment  error,  would 
be 

2Nta^/Ri  +  2Nih^/Ra. 

For  random  alignment  errors,  Nt  and  Af)  ate  replaced  with 
y/J7i  and  respectively.  For  values  a  =  10  mm, 
6  =  1.0  mm,  Ri  =  4.3  km,  iZa  =  30  m,  =  20,  and 
iVa  =  72,  there  is  a  one  sigma  circumferential  uncertainty 
of  AC,p,tematie  =  4.9 /im  and  ACrandom  =  0.63 /im. 


III.  CLOSED  ORBIT  ERROR 

The  closed  orbit  error  due  to  transverse  misalignment  for 
N  transfer  monuments  can  be  estimated  from  the  formula, 
applicable  to  both  transverse  directions. 


^i*(Ana*  +  An«n)^^*r/i  i  /TTTTT  /«\ 

- - <«) 


If  there  is  a  systematic  uncertainty  in  the  vatical  ali^ 
ment  of  the  transfia  monuments,  a  vertical  correcti(»i  bold 
of  order 

9c  4^/so 

would  be  required.  For  a  systematic  vatical  error  of  c 
at  each  of  N  monuments,  the  maximum  vertical  deviation 
would  be  2?  =  fVe/2.  For  an  arc,  iV  ~  10,  c  'v  10  mm, 
and  So  =  35  km;  thus  a  correction  <A9c‘-^  5.7/i  rad  would 
be  required.  Between  transfer  monuments  of  separation 
So  ~  4.3  km  there  are  approximately  143  secondary  monu¬ 
ments.  If  c  ~  1.0  mm  for  each  secondary  monument,  then 
a  vertical  stening  correction  of  67p  rad  would  be  required. 
One  sees  that  systematic  vertical  alignment  errors  require 
steering  c(»rection;  however,  there  are  steering  correctors 
in  each  cell  to  correct  for  this  effect. 

With  vertical  misalignment  we  expect  a  contribution  to 
vertical  dispersion.  The  equation  for  the  dispersion  is, 

I>"(s)-h/C(s)2)(s)  =  l/p.  (9) 

If  Py  =  QoPO)  then  Oy(s)  ~  QtT^Dgija).  For  a  vertical 
arc  of  sagitta  d  and  length  sq,  the  radius  of  curvature  is 
^  ~  ^ith  d  ~  100  mm,  So  ~  4.3  km,  and  po  ~  12  km, 
we  find  Qo  ~  2  X  10^,  which  is  negligible. 

The  tune  shift  associated  with  a  circumferential  error  is 

where  0  =  180  m  and  AC  =  5  x  10~*  m. 

IV.  LUMINOSITY 


where  9rm$  is  the  rms  angular  deflection  resulting  from 
monument  alignment  errors,  and  v  is  the  machine  tune. 
With  a  three  sigma  alignment  error,  the  deflection  angle 


would  be 


V2x3<r 
{C/N)  • 


(7) 


With  N  =  20,  one  finds  9rm$  =  4.8(7)  p  rad,  with( without) 
sight  pipes.  For  =  305,  An<n  =  54,  i/  =  123.28,  and 
N  =  20,  one  finds  the  random  closed  orbit  error  Axmt  = 
2.3(3.4)mm,  with(without)  sight  pipes,  at  the  three  sigma 
level  for  monument  alignment  errors. 

As  a  result  of  surveying  methods,  systematic  tilt  errors 
in  the  alignment  of  the  magnets  are  not  expected;  however, 
there  is  a  possibility  of  systematic  radial  alignment  error 
in  the  location  of  the  monuments  and  the  magnets.  If 
there  is  a  transverse  systematic  radial  change  along  the 
ideal  orbit  of  the  fwm  p  =  po  e3Stn(s’s/so)t  where  s  is 
the  ideal  orbit  length  and  sq  is  the  length  over  which  the 
systematic  error  of  maximum  deviation  €3  occurs,  then  the 
angle  which  must  be  corrected  is 


9c  2dp/ds|f=o  —  (72t / 8q.  (8) 


We  assume  gaussian  bunches  of  distribution  p{x,y.x) 
with  standard  deviations  erg,  and  with  z  along  the 
orbit.  For  ri)  btmehes  of  circulation  period  To,  with  Ifs 
protons  in  each  bunch,  crossing  angle  2a,  and  speed  v  rela¬ 
tive  to  the  interaction  point,  the  luminosity,  which  depends 
on  the  difference  in  half-circumf<nence  5,  is 

C{a,S)  =  2vcos(a)^  J  pt{xi,yi,zi)p2{x2,y2,Z2)dxdydzdt. 

(11) 

For  bunches,  which  cross  at  an  angle  a  relative  to  the  z  axis 
and  which  have  a  distance  6  between  their  centers  when  one 
bunch  center  is  at  the  interaction  point,  the  coordinates  of 
the  two  bunches  are 

*1  =  *3  =  ® 

yi  =  zsm(a)  ycos(a) 
y2  =  -Z9in(a)  +  yco8{a) 
zi  =  zco8{a)  —  ystn(a)  —  vt 
Z3  =  zco8{a)  4-  y8in{a)  +  vt  —  6.  (12) 

Integration  gives. 


For  So  =  4.3  km  and  9e  ~  46prad,  this  permits  a  maximum  g-[(557)®(i+(^*^l^)®)~*] 

deviation  of  <3  ~  30  mm.  TTiere  are  corrector  magnets  in  £(a,5)  =  — = - j- .  /  ■.  •  (1^) 

each  cell  to  correct  for  this  effect.  ®  4T<reffyCos(o)y  1  + 
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A«  a  wmmm  ci  the  overi^  of  the  bunches  we  define  the 
lunttimdtiy  efficiency  R(S)  s  C{a,S)/£(a,0),  which  is 

R(«>=100xe.p(-(^)»(l  +  (f«^)»)-»}%.  (14) 

For  s  0.5  m.  R(6  =  50inm)  =  97.13%  and  B(S  = 
lOOmm)  =  89.14%.  For  =  10  m,  /Z(j  =  50mm)  = 
99.8%  and  /Z(5  =  100mm)  =  99.3%. 

The  luminosity  can  be  restored  at  one  interaction  point, 
prefwably  low  fi,  with  RF  manipulations.  The  final  fo¬ 
cusing  quadrupole  magnets  can  move  the  interaction  point 
approximately  one  meter  within  the  detector. 

V.  BEAM  TRANSFER  FROM  THE  HEB 

To  match  the  bunches  from  the  HEB  to  the  buck¬ 
ets  in  the  Collider,  it  may  be  necessary  to  move  the 
closed  orbit  from  its  center.  The  Collider  circumference 
(87.12km)  is  approximately  eight  times  the  HEB  circum¬ 
ference  (10.8km).  It  is  better  to  move  the  HEB  orbit  and  to 
keep  the  Collider  orbit  at  its  center.  If  the  error  in  the  Col¬ 
lider  circumference  is  ACbbBi  then  the  error  in  the  mean 
radius  is  Atheb  =  ACcoh/IOx.  For  ACcm  =  50  mm, 
one  finds  Atbeb  =  1-5  mm.  Since  obbb  =  9.1  x  10“*, 
and  {Ap/p)beb  ~  4.9  x  10“^,  the  peak  radial  exclusion 
o{  the  closed  <»bit  of  the  HEB  would  be  Stbeb  1-5  mm, 
with  ijBEB  =  3.1  m.  This  is  marginally  acceptable. 

Alternatively  we  may  use  the  circumferential  discrep¬ 
ancy  to  accomplish  fine  cogging.  If  the  citcumfetenceB  of 
the  two  madtines  are  perfect,  asmgned  buckets  in  the  two 
machines  can  be  brought  within  a  distance  of  360  meters. 
Further  alignment,  called  fine  cogging,  is  accomplished  by 
introducing  a  mismatch,  made  zero  at  extraction,  in  the 
machine  circumferences.  Mismatch  in  the  central  orbit 
could  be  used  to  do  this  fine  cogging  with  a  difference  that 
it  is  not  brought  to  zero  at  extraction.  If  the  slippage  rate, 
due  to  surve]ring  error,  is  comparable  to  114  buckets/sec, 
which  cOTresponds  to  a  slippage  rate  of  one-half  bucket  in 
fifteen  turns  in  the  Collider,  then  the  fine  cogging  can  be 
done  in  ~  1.3  seconds. 

Here  we  have  to  accept  the  mismatch  and  resulting  di¬ 
lution  of  the  longitudinal  emittance.  The  latter  is  found 
from 

Ae,A,  =  l(Az/<r,)*.  (15) 

If  the  central  bunch  in  a  train  from  the  HEB  is  centered  on 
an  RF  bucket  in  the  Collider,  then  there  will  be  an  error  in 
the  position  of  the  end  bunches  relative  to  a  bucket  center 
in  the  Collider  of  the  order 

Az  =  ACcm{Cbbb/Ccm)-  (16) 

For  ACcm  —  50  mm,  uid  =  70  nun,  the  longitudinal 
emittance  dilution  is  Aej/ei  ~  0.39%,  which  is  a  small 
effect. 

The  diani^  in  the  RF  frequency  due  to  the  circumfer- 
«itial  error  is  A///  =  ACcoti/Ccon-  For  ACcoii  ~  50 


mm,  c«e  finds  A///  =  0.57  x  10~*.  For  the  Odlidar  RF 
cavity,  the  nominal  operating  frequency  is  360  MHz,  and 
A/  205  Hz,  which  is  within  the  tuning  range,  50kHs,  of 
the  RF  cavity. 

VI.  CONCLUSIONS 

It  appears  that  a  global  tunnel  survey  with  the  use  of 
sight  pipes  would  be  desirable  in  achieving  the  ideal  design 
requirraoents  for  the  Collider.  Although  random  errors  of 
the  order  (ff  3<r  ~  15  22  mm  in  the  transverse  alignment 

ct  the  transfer  monuments  at  the  tunnel  level  would  iq>pear 
to  contribute  not  more  than  a  50  mm  error  at  the  three 
a  level  to  the  circumference  of  the  Ccdlider,  a  systematic 
error  of  tbe  type  observed  at  HERA  could  contribute  as 
much  as  120  -*  200  mm  to  the  circumference.  The  de¬ 
tectors  can  acconunodate  an  uncertainty  of  the  order  of 
<Tt  ~  70  mm  in  the  location  of  the  interaction  point,  and 
the  interaction  point  can  be  moved  up  to  one  meter  with 
tuning  of  the  final  focusing  quadrupole  magnets. 

If  sight  pipes  are  used  for  the  global  survey,  certain  loca¬ 
tions  of  these  pipes  would  add  in  the  precision  achieved  in 
alignment.  Sight  pipes  located  at  the  ends  of  the  straight 
sections  would  reduce  the  initiad  amgular  errors,  which  cam 
occur  in  surveying  the  arcs.  In  atddition,  it  would  be  helpful 
to  locatte  sight  pipes  at  wc  midpoints  and  at  the  interaction 
points. 

We  have  received  valuatble  technical  suggestions  from 
D.  Larson,  M.  Syphers,  and  R.  Wilkins. 
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The  Superconducting  Super  Collider  uaea  a  single- 
turn  extraction  abort  system  to  divert  the  circulating  beam 
to  a  massive  gri^hite  absorber  at  normal  termination  of 
the  operating  cycle  <»  in  case  of  any  of  a  number  of  prede¬ 
fined  fault  modes.  The  Collider  rings  must  be  designed  to 
be  tolerant  to  abort  extraction  kicker  prefires  and  misfires 
because  oS  the  large  circulating  beam  energy.  We  have 
studied  the  consequences  of  beam  loss  in  the  acceleri^r 
due  to  such  prefires  and  misfitea  in  terms  of  material  heat¬ 
ing  and  ra^tion  generation  using  full  scale  machine  sim¬ 
ulations  and  Monte-Carlo  energy  dq>osition  calculations. 
Some  results  from  these  calculations  as  well  as  possible 
protective  measures  for  minimising  the  damaging  effects 
of  kicker  prefire  and  misfire  are  discussed  in  this  paper. 

I.  INTRODUCTION 

The  Superconducting  Sup«  Collider  beam[l,2}  con¬ 
tains  approximstely  420  MJ  of  circulating  beam  energy 
per  ring  at  the  operating  design  point,  proton  momentum 
eqhal  to  20  TeV/c  and  a  circulating  current  of  70  mA. 
lliis  amount  of  circulating  beam  energy  is  equivalent  to 
about  100  kg  of  high  explosives  and  must  be  dealt  with  by 
a  reliable  abort  system. 
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Figure  1.  Collimators  Locations  in  the  West  Utility 


The  abort  system  consists  of  24  pulsed  kicker  magnets 
which  direct  the  beam  through  the  field  free  region  of  a 
series  of  Lambmtson  magnets  on  to  a  massive  graphite  ab- 
sorbet[3,4,5l.  The  abort  kickers  have  a  risetime  of  about 
3/is.  Normi^y  this  system  is  triggered  during  the  4/is  abort 
g^p  in  the  circulating  beam  and  takes  290  |is  to  extract 

*Op«rata<l  by  the  Universitiee  Reeearch  AMOcUtion,  Inc.,  for 
the  U.S.  DcnattnMttt  of  Eneinr  under  Contract  No.  DB-AC36- 
SMSUMSe. 


beam  from  the  full  87  km  circumference  of  the  Collider. 
If  one  or  more  kicker  module  either  prefires  oi  misfires, 
some  fraction  of  the  beam  may  not  reach  the  absorber. 
The  consequences  of  such  a  beam  loss  on  accelerator  com¬ 
ponents  are  discussed  in  the  next  section.  In  this  paper 
particle  tracing  is  done  with  STRUCT  programfO].  Beam 
loss  induced  cascades  and  corresponding  temperature  rise 
is  simulated  with  MARS  12  code[7]. 

II.  ABORT  PREFIRE  PROBLEM 

An  abort  kicker  prefire  causes  large  amplitude  coher¬ 
ent  betatron  oscillation  of  the  beam  and  results  in  halo 
particles  being  intercepted  by  the  collimators  positioned 
around  the  ring.  These  particles  can  induce  overheating  of 
the  collimator  jaws  up  to  hundreds  of  degrees.  The  most 
severe  situation  takes  place  at  20  TeV/c  before  or  during 
collisions. 

Simulations  of  this  process  have  been  done  for  the  follow¬ 
ing  assumptions.  We  assumed  that  the  circulating  beam  is 
cleaned  to  the  lOcr  level  by  a  scraper  which  leaves  99%  of 
the  circulating  beam  inside  of  4<r  and  1%  of  the  beam  be¬ 
tween  4  and  lOff.  Collimators  are  located  in  West  Utility, 
as  shown  in  Figure  1  and  in  the  Interaction  Region  (IR)  of 
the  Collider  (not  shown)  to  protect  low-beta  quadrupoles 
against  irradiation.  For  our  initial  simulations  we  assumed 
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that  Umm  coUimaton  are  placed  iff  inside  the  physical 
^Mrtuie  of  Cdlider.  With  an  admittance  of  madiine  of 
729  mm-mrad  or  279  of  the  circulating  beam  at  top  en¬ 
ergy,  the  coUimatorii  were  therefore  positioned  at  239  with 
respect  to  the  Collider  closed  orbit. 

Fw  the  worst  case,  when  abort  kicker  prefire  takes  place 
just  after  the  longitudinal  abort  gap  passes,  one  needs  to 
wait  (me  full  turn  to  resynchronise  with  the  abort  gap  in 
order  to  cleanly  remove  beam  from  the  Collider.  For  this 
case  the  overheating  of  IR  collimator  CIR5  considerably 
exceeds  the  melting  point  of  iron.  In  order  to  avoid  over¬ 
heating  this  collimator  one  could  arrange  to  immediatly 
fire  the  next  23  kickers;  however,  according  to  our  simula- 
tioiw  one  would  have  to  limit  the  interval  of  time  between 
the  prefire  and  the  start  of  the  rest  of  the  kickers  to  be  less 
than  about  5/is.  Unfortunately  the  full  abort  kicker  pulse 
is  unlikely  to  be  contained  within  the  abort  gap  and  one 
has  an  unsynchronixed  abort.  Results  of  a  simulation  of 
beam  loss  around  the  Collider  during  the  3/is  kicker  rise 
time  are  presented  in  Figure  2.  At  low  kicker  field  levels, 
halo  particles  are  intercepted  by  a  collimator  in  the  IR  and 
by  the  first  collimator  in  West  Utility.  The  temperature 
rise  of  these  collimators  are  400‘’C  and  40'C  respectively 

At  the  level  of  about  10%  of  full  kicker  strength  the 
defiected  beam  is  intercepted  by  the  first  collimator  in  the 
West  Utility.  We  must  protect  this  collimator  by  a  graphite 
shadow  and  temperature  rise  in  shadow  is  250*’C.  At  the 
level  of  about  40%  of  kicker  strength  the  beam  is  inter¬ 
cepted  by  the  graphite  shadow  of  Lambertson  magnet[8] 
and  the  shadow  overheating  is  a  tolerable  800*’C. 

III.  PREFIRE  PROTECTIVE  MEASURES 

There  are  two  ways  we  have  investigated  to  avoid 
overheating  of  collimaa>r8  and  shadows: 

-  decreasing  of  the  abort  kicker  rise  time  from  3  ps  to  1  /is 
and 

-  compensating  a  prefired  kicker  by  another  kicker  with 
opposite  magnetic  field  (antikicker). 

Decreasing  the  abort  kicker  rise  time  yields  a  three  fold 
decrease  in  heating.  For  sufiSciently  short  antikicker  delay 
the  full  beam  abort  can  be  delayed  until  synchronization 
with  the  abort  gap  and  thereby  eliminating  beam  loss  dur¬ 
ing  the  kicker  risetime. 

Recent  simulations[9]  suggest  that  the  dynamic  aperture 
of  Collider  at  the  top  energy  is  around  129  and  the  life¬ 
time  of  the  particles  with  large  betatron  amplitudes,  from 
12  to  209,  varies  from  50  to  2  turns.  The  lifetime  is  less 
than  one  turn  for  amplitudes  greater  than  209.  For  this 
case  collimator  jaws  would  have  to  be  installed  between 
16-209  from  the  circulating  beam  axis  to  protect  supercon¬ 
ducting  magnets  irradiation  and  the  collimator  jaws  would 
then  intercept  a  more  dense  part  of  the  circulating  beam. 
This  closer  position  would  lead  to  an  additional  overheat¬ 
ing  about  20  times  greater  than  for  the  23  9  positions.  The 
overheating  of  the  collimator  CIRV5  jaw  during  an  unsyn- 
chrouized  abort  increases  to  an  inadmissible  900‘’C.  The 


first  method  of  overheating  reduction  is  ineffective  in  'his 
case  and  only  via  an  antikicker  is  it  possible  to  eliminate 
the  danger  of  collimator  and  shadows  damage. 

The  collimator  jaw  overheating  is  also  strongly  depen¬ 
dent  upon  the  delay  between  prefire  and  start  of  antikicker. 
The  resulting  kick  and  beam  loss  versus  time  for  different 
delays  (1.2  /is  and  1.65  fia)  are  presented  in  Figure  3,4. 
At  1.8  /IS  delay  the  result  kick  exceeds  75%  of  one  kicker 
strength  and  collimator  CIRV5  overheating  exceeds  melt¬ 
ing  point.  Collimator  jaws  overheating  versus  antikicker 
delay  is  shown  in  Figure  5.  An  acceptable  level  of  tem¬ 
perature  rise  of  about  300'’C  is  exceeded  at  1.5  /is  delay 
between  prefire  of  abort  kicker  and  start  of  antikicker.  Pro¬ 
viding  a  short  (<  1.5/is)  delay  is  an  important  antikicker 
design  requirement. 

IV.  CONCLUSIONS 

Our  simulations  show  that  for  large  (>  209)  Collider 
collimators  settings  an  unsynchronized  abort  is  allowed  if 
graphite  shadows  are  used  upstream  of  the  first  abort  Lam¬ 
bertson  magnet  and  at  a  few  critical  collimator  locations. 
For  smaller  collimator  settings  (between  149  and  209)  an 
antikicker  with  less  than  1.5/iS  delay  spears  to  be  needed 
to  limit  Collider  equipment  overheating  to  tolerable  levels; 
however,  further  study  is  required  in  order  to  understand 
multi-kicker  prefire  and  other  failure  scenarios. 
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The  lattice  for  the  rings  of  the  Superconducting  Super  Col¬ 
lide  is  divided  into  arcs,  a  FODO  array  of  superconducting 
qnadrup<^  and  dipoles;  interaetkm  regions,  places  where 
the  beams  are  focused  and  brou|^t  into  collision  within 
physics  detectors;  and  utility  sections,  places  where  in¬ 
jection,  acceleration,  ab<»t,  halo-scr^>ing,  and  other  cen¬ 
tred  and  diagnostic  fonctions  are  performed  [1-3]-  Re¬ 
cent  modificationa  ter  the  utility  regkm  design  are  reported 
here.  Briefly  these  include  lowering  iiyection  /9-maxima 
by  40%;  reducing  the  lengths  and  varieties  of  supercon¬ 
ducting  quadrupoles;  improving  conditkais  for  iqjection 
matching;  increanng  abort  admittance;  mitigating  ccmi- 
ponent  interferences;  and  identifying  places  for  dampers 
and  other  beam  instrumentatum  [4]. 

I.  INTRODUCTION 

The  rings  df  the  Superconducting  Super  Collider  are  di¬ 
vided  geographically  into  east  and  weat  clusters  and  north 
and  south  arcs,  as  shown  in  Figure  1.  The  east  and  west 
clusters  are  in  turn  subdivided  by  fonctkHi  into  <^tics  mod¬ 
ules,  as  shown  in  Figure  2.  The  design  requirements  for  the 
interaction  regions  (IR)  and  hinge  (HI)  sections  are  dis¬ 
cussed  elsewhere.  The  utility  sections  that  are  described 
below  include  eight  dispersi<Hi  suppressor  (DS)  sections, 
four  tranntion  to  interaction  re^n  (TI)  sections,  twotran- 
siticH)  to  utility  (TU)  sections,  and  the  east  and  west  utility 
straight  (EU  and  WU)  sections.  After  reviewing  the  design 
of  the  TU,  TI,  and  I^  sections,  we  describe  recent  lattice 
changes  associated  with  optimiaing  the  design  of  the  utility 
rtraight  sectiems. 

II.  TRANSITION  SECTIONS 

The  TU  section,  which  provides  a  region  of  beam  to  sep¬ 
arate  the  muon  vectors  from  the  IR  and  utilify  straight 
regi<Hi8,  is  essentially  a  short  (12  standard  90-m  arc  half 
<idls)  piece  of  arc  with  arc-lil»  Twiss  functions,  as  shown  in 
Figure  3.  Note  that  as  with  the  arcs,  a  few  dipole  pairs  are 
removed  at  x  phase  advance  separation  in  order  to  provide 
omtingency  space  for  future  technical  systems. 

The  TI  lattice  (not  shown)  functions  are  very  similar  to 
those  for  the  TU.  The  TI  consists  of  a  single  cell  in  which 

*Operat«d  by  the  Uidmaities  Reaeardi  Anodatian,  Lim.,  tar 
the  U.S.  Department  at  Energy  nndtf  Contiact  No.  D&AC35- 
8ffiR40486. 
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Figure  1.  Layout  schematic  of  Superconducting  Super  Col¬ 
lider. 
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Figure  2.  Section  layout  schematic. 


The  stanSM  anaaMibt  Iwa  bam  auSwiad  br  a 
eenbealsr  el  Sw  Ua.  QMMMnnl  mdw  Oanbeel 
NoLOE-scissaEReswa  acBowag^.sieua. 

iOMM  Ib  npMduon  nm  iMMihsHoffii  d 

aiiwlinsinlwi.efShaiBSiateledeeo.lar 
US.  OeaeoMoaol  pwpaaaa. 


3775 


M1NlWarH(a4 


Figute  3.  TU  lattice  functicnu. 


all  bending  is  omitted;  however  the  dkpersicHi,  r/fttO  acroos 
the  TI  aectkwB  due  to  the  neighboring  DS  sections.  Each 
Tl  has  dcew  quadrupole  convector  magnets  at  mid-half  m11 
locations  that  are  part  of  the  global  decoupling  scheme. 
The  TI  sections  are  potential  take-<^  and  return  p<ants 
for  a  diamond  bypass  configuration. 

III.  DISPERSION  SUPPRESSOR  SECTIONS 

The  DS  section,  shown  in  Figure  4,  is  composed  of  cells 
with  three-quarters  the  length  and  two-thirds  the  bending 
of  an  arc  cell.  This  gives  anLxfi  of  half  that  of  a  standard 
arc  cell,  and  enables  matching  from  full  to  xso  dispersion 
over  the  270-m  extent  of  the  four  DS  half  cells.  Tliete  are 
DS  sections  surrounding  the  utility  straight  and  IR  sections 
(the  HI  performs  as  back-to-back  DS  sections)  in  order  to 
kill  the  dispersion  in  these  regions.  It  is  anticipated  that 
a  controlled  amount  of  dispersion  will  be  introduced  into 
the  east  utility  straight  in  order  to  enable  off-momentum 
scraping  in  the  EU. 

IV.  UTILITY  STRAIGHT  SECTIONS 

While  the  main  superccmducting  quadrupole  lattices  are 
identical  for  the  EU  and  WU  utility  strught  sections,  the 
two  sections  are  quite  different  in  nature  due  to  the  inclu¬ 
sion  of  extended  warm  regions  in  the  WU  for  beam  iqjec- 
tion,  acceleration  and  abort.  The  Twiss  functions  for  the 
baseline  (TOP-REVO)  WU  lattice  are  shown  in  Figure  5 
for  comparison  to  the  current  (TOP-REVl)  lattice  shown 
in  Figure  6.  The  EU  and  WU  straight  in  section  are  both 
equal  in  length  to  15  standard  90  m  half  cells. 

In  the  central  warm  bend  region  of  the  WU  is  a  series 
of  symmetric  and  asymmetric  Lambertson-style  magnets 
that  provides  a  means  for  (^patching  a  collider  ring  fill 
to  an  external  backstop  by  firing  a  series  of  abort  kicker 
magnets.  Note  that  the  beam  scraper  system  (i.e.,  high- 
intensity  crfilimators)  shares  the  same  central  dogleg  with 
the  abort  system  in  order  to  point  the  neutral  vector  and 


Figure  4.  Dispersion  suppressor  lattice  functions. 


Figure  5.  Baseline  TOP.REVO  lattice  functions  for  west 
utility. 


secondary  charged  particles  escaping  firom  the  scr^r  away 
from  downstream  superconducting  magnet  iq>ertures. 

One  significant  change  involved  moving  the  abort  kick¬ 
ers  upstream  of  the  central  quadrupole  doublet,  both  to 
avoid  the  intense  radiation  field  near  the  scrapers  and  to 
keep  the  ab(^  kicker  /  R  •  d/  at  a  manageable  level.  To 
accomplish  this  the  polarity  of  these  quadrupole  doublets 
on  either  side  of  the  central  dogleg  was  fiipped.  With  the 
new  polarity  it  is  possible  to  reduce  both  the  yg-maximum 
and  the  lengths  and  number  of  distinct  types  of  main  su¬ 
perconducting  quadrupole  magnets  as  shown  in  Figure  6. 

At  the  request  of  the  IR  design  team,  the  utility  straight 
transfer  matrix  was  further  constrained  to  have  a  unit  map 
as  this  sinq>lifies  the  scheme  for  IR  chromaticity  correction 
in  the  north  and  south  arcs.  Also  we  reduced  by  half  the 
f  B  •  dl  required  for  the  injection  kicker  magnets  by  pro¬ 
viding  lattice  space  for  these  kickers  near  to  t/2  phase 
advance  from  the  iigection  Lambertson  magnets.  Favor¬ 
able  FODO-like  lattice  functions  were  maintained  at  the 
injection  matching  point. 

The  design  and  review  process  for  the  WU  has  been 
greatly  facilitated  through  an  ability  we  have  developed 


3776 


«l  .  .....l  . 

•  IN  4n  M  M  law  1M 


1*ATHtJDIGTH(m) 

Figure  6.  Cuneot  TOPJIEVI  lattice  fimctions  f<»  west 
utility. 


to  ri4>i<lly  and  autcunatically  build  a  S-Klimensional  CAD 
model  of  all  miyor  teclmical  compcmenta  and  beamlines 
abnoet  directly  from  the  survey  output  of  accelerator  de¬ 
sign  programs  (MAD,  TRANSPORT,  SYNCH,  etc.).  This 
fadlity,  which  aUows  om  to  ‘^ry  out”  a  new  lattice  compo¬ 
nent  conflguratuai  and  to  *W”  points  of  interference,  has 
been  found  critical  in  luring  out  and  verifying  abort  and 
tune-up  beamline  conqxments  [5]. 

With  the  technical  conqxment  ho^ut  in  hand  it  is  much 
easier  to  wri^  tunnel  across  sections,  underground  gal¬ 
leries,  and  accew  shafts  around  the  various  beamlines  and 
subsystems  with  considerable  confidence  [6].  For  instance 
we  have  determined  locations  where  a  sin^  shaft  provides 
accew  to  High  Enagy  Booster  (HEB)  extraction  kickers 
and  an  underground  gallery  housing  Collider  abort  kicker 
power  supplies.  Design  studies  indicate  that  it  should  be 
possible  to  excavate  the  tunnels  for  the  HEB-to-CoUider 
beam  transfer  lines  so  as  to  provide  sufficient  cover  to  en¬ 
able  operation  of  the  HEB  while  maintaining  accew  to  the 
Cdlider.  Earlier  ccmcepts  for  this  region,  based  upon  open¬ 
ing  up  a  large  underground  "cathedral”  ccmnecting  the 
HEB  and  Cdlider  rings,  would  have  required  the  intro- 
ductkm  of  a  prohibitive  amount  of  maw  shielding. 


We  ate  currently  midway  throu^  the  Title  I  phase  for 
the  WU  underground  tunnel  dwjgn.  It  is  anticipated  that 
the  data  base  driven  nature  of  the  CAD  mo^  will  be 
iiiq;K)itant  in  future  studiw  of  cmwttuetioD,  installatkm, 
operation  and  maintenance.  The  CAD  model  forms  a  emn- 
plementary  tod  to  the  c<»iq>onent  data  interface  (CDI)  in 
ffidlitating  accelerator  design  work  [7]. 

V.  SUMMARY 

In  summary  the  TU,  TI,  and  I^  sections  have  undergone 
minpt  deai^  tuning  whkh  involved  reducing  the  number 
ct  ffiffnent  spool  fypes  and  en^fy  cryostat  Iragths.  The 
EU  and  WU  have  undngone  significant  diangw  during  the 
procew  of  determining  their  detailed  layout.  Weccmcluded 
that  early  3D  CAD  modeling  hw  provi^  invaluable  to  this 
effixrt.  Continued  modeling  will  be  critical  in  future  effwts, 
which  include  special  magnet,  c<anp(»ent  stand,  cryogenic 
bypaw,  LCW,  cable  tray,  and  RF  waveguide  design  and 
installation  work. 
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51%  leview  the  importaaA  dtanfea  atade  to  tite  optica  of 
^^araction  lUfioBB  (flSa)  in  ^  oid^er  ainee  the  cqneqK 
Inal  deaign  (SCDR)  of  1990.  The  nioat  ai(nti|caat  mo^ 
iSeation  ia  a  new  piooeduie  for  the  77  aqaaeie.  Three 
additicwal  fomiliea  ^  independentiy  powered  quadmpolea 
dtange  the  (^tica  fr(mi  injection  to  0(dliai<m  while  the 
aimBgthe  of  the  ftud  fociaa  tripk4  qnadrupolea  are  hdd 
conatant.  The  phOae  advance  from  the  interaction  point 
.  (IP)  to  the  arc  qttadmpcdea  ia  optizniaed  to  provide  m(»e 
elle^ve  poaitiona  of  t^  local  ccwrectors  for  the  IR.  Two 
aecondary  foci  where  the  IP  ia  ima^pd  have  been  incorpo¬ 
rated  aynunetiicaEy  on  both  aidee  rf  the  IP.  Other  changea 
indndenaigBiilea»ttedacti<Hiinihe/S|^t  at  injection,  op- 
tkniaed  ccniflgnratkHi  of  tile  Af  =  — /  aection,  quadrupolea 
with  5ein  bore,  wfaiimiaed  number  of  quad  familiea,  atan- 
datd  deaign  of  the  vertical  boidi  apd  reduced  total  loigth 
of  the  magneta.  The  optica  allowa  for  a  wide  range  of  val- 
nea  for  a  detectfp  qiace  at  each  IP.  The  timf  aeenario  for 
the  0  aqneeie  ia  oonaidered  aa  wdl. 

I.  INTRODUCTION 

The  deaign  of  the  IRa  at  the  SSC  haa  undetgmie  several 
modificatMHis  ainoe  the  SCDR  deatpi  [1].  At  presmt  there 
are  four  IRa  in  the  coDider,  two  in  tiie  Eaat  chuter  and  two 
intheWeat.  Present  plana  call  for  the  detecUne  in  the  Eaat 
IRa  to  qperate  at  lower  0*  than  those  in  the  West  cluster. 
The  mo^cationa  of  the  IR  optica  are  the  fidlowing : 

•  ezdoticm  tiw  fiaal  trip^  quadrupities  from  the  0 
sqneeae  between  nijection  and  cdUsion  optics,  thus  pro¬ 
viding  an  in^imideBt  aqneeie  for  each  ring; 

•  indndtng  a  aectmdary  focus  <ai  eitiier  side  of  the  IP; 

-  providing  a  spedfic  vidue  of  the  {diase  advance  across  half 
aa  IR  to  simplify  local  IR  corrections; 

>  providing  a  edde  range  of  poaatble  values  detector 
^aoe  witil  minimal  optical  modiAcationa; 

•  hae  of  standard  5cm  bore  magneta  in  the  IR. 

Hoe  we  review  the  above  changes  and  discuss  the  optical 
and  geomdsi^  properties  of  the  vartous  IR  cmiftgurations. 
The  abovd  naodillcatKma  to  the  IR  have  not  affected  the 
rest  machine. 

II.  MAIN  IR  MODULES 

Figure  1  sh^  a  vertical  sdiematic  view  of  a  complete 
IR.  The  dfy<^  straddle  the  hmiaontal  lines,  the  focusnng 

*Opmtedfor  tiw  UaWenitiM  tCeMMcb  AwocUtion  Inc.,  for  the 
U.S.  Depsili— ntef  B—mr,«ndercoiHfnetDE-AC35-aiEli40486 


quadrupdM  are  shown  above  the  line  and  the  defocnsnng 
quadrupolea  below.  Aa  before,  the  optics  is  antnymmetric 
with  reqpect  to  the  IP.  Each  half  IR  is  composed  of  three 
modnlea  :  the  final  triplet,  the  Af  s  — /  sectkm  and  the 
tuning  section.  Besides  the  quadrupolea  there  ate  vertical 
dipoles  placed  in  two  dqw,  which  bring  the  beams  into 
coUiskm.  The  final  triplet  qnadnqxdes  and  adjacent  q>lit- 
ting  dipdes  are  common  to  both  rings.  The  beams  share 
the  same  beam  pipe  inside  these  mngneta.  There  k  a  verti¬ 
cal  Bq>aration  of  45  cm  between  the  beams  in  the  JIf  =  — / 
sectiom,  whidi  requires  a  2-in-l  magnet  design.  The  mag¬ 
nets  in  the  tuning  section  in  the  two  rinp  ate  s^aratcd 
by  the  standard  vertical  distance  of  90  cm. 

The  triplets  focus  the  beams  to  extremdy  small  nses  at 
the  IP.  Therefore,  these  magnets  are  quite  strtmg  and  the 
beam  is  very  sensitive  to  field  errors  in  them.  The  most 
important  change  made  in  the  present  design  is  to  keep 
these  qnadrupoles  at  fixed  gradients  during  the  0  squeeze. 
The  advantages  are  that  the  squeeze  can  be  done  inde¬ 
pendently  for  each  ring  and  no  additional  fidd  errors  are 
introduced  in  the  triplets  during  the  squeeze.  To  keep  the 
same  number  of  controls  for  the  0  squeeze,  another  3  fam¬ 
ilies  of  qnadrupoles,  now  labelled  QL7,  QL8,  QL9,  from 
the  regions  outside  the  previous  IR  were  included  into  the 
IR.  The  6  tuning  quadrupolea  QL4,  QL5,. . . ,  QL9  form 
the  tuning  section.  This  change  has  increased  the  length 
of  the  IR  from  1350  m  to  1890  m. 

Another  new  feature  is  the  incluaon  of  a  secondary  fo- 
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FifWre  2.  Laltiee  foncticMis  m  ons-half  of  tlie  IR  with  mag- 
iMte  at  the  top. 

OM,  a  point  at  whidi  the  IP  ia  imafed.  This  imafe  can 
he  naed  for  diacnoatica,  and  protection  coQimatora  can  be 
placed  hen  to  lednee  iht  badcgtoimd  at  the  IP.  Two  aec' 
pKdaiy  fed  an  located  at  641  m  from  the  IP,  ajrminetrieaUy 
OB  eaA  aide  of  the  IR,  with  fixed  2»  phan  advance  from 
the  IP.  TiMy  optically  aeparate  the  two  taning  aectioaa 
a^kh  hatve  variable  tranaler  matricea  from  the  central  ,re- 
gioB  (compriaed  of  the  two  Jlf  s  -/  and  taro  tri^eta)  witii 
conatant  gradtenta. 

llBt**<o  ^  tripleta  and  the  tuning  aectkm  ia  a  mod- 
ale  of  8  quadnqKilaa,  known  aa  the  Af  s  -/  aectkm.  Tin 
tepnafer  matrix  acroaa  thia  aectkm  ia  the  negadve  of  the 
idetRy  matrix,  hence  the  name.  Thia  aectkm  canaea  a 
cancellation  of  the  vertical  diqretdcm  induced  by  the 
adiaceat  paita  of  d^rolea,  at  the  IP.  The  length  of  then 
gnadn^oieo  waa  aignificantly  reduced  by  un  of  the  FODO 
ocadignration  inatead  of  FOFDOD  .  The  Af  s  -/  aectkm 
can  be  placml  anywhen  between  the  two  aeta  at  dipdea 
wi^ont  aflecting  the  reat  at  the  IR.  To  reduce  the  chro- 
matidty  at  cdliakm  and  |»ovide  the  moat  detectm  apace, 
thia  aectkm  waa  moved  aa  fer  aa  poaaiUe  from  the  IP. 

III.  OPTICAL  PROPERTIES 

A  inimary  optical  goal  ia  to  provide  a  broad  range  of  accee- 
nble  tow  valuea.  In  the  present  deaign,  the  variable  gta- 
£«it  qia^pdea  can  be  tuned  to  aminimam/9*  =  0.2Sm 
fOT  a  (fetector  free  qmce  of  L*  =  20.5  m,  which  ia  ddined  to 
be  the  diatance  between  the  IP  and  the  triplet.  However, 
Hm  baa^ne  deaign  reqnitea  only  p*  s  0.5m  at  collia<m. 
Thia  comqKmda  to  a  in  the  tripleta  ct  9  Am.  Thia  ia 
the  maximum  value  allowing  a  tegkm  of  a  good  fidd  qual¬ 
ity  in  Hie  5cm  b<»e  triplet  quadrupolea.  Figure  2  ahowa 
the  lattice  frmctkma  acron  cme-half  of  Hie  IR  at  coUirion 
with  0*  s  0.5  m.  It  ia  enviaaged  that  future  upgradea  will 
incteaae  the  tr^iet  bore  thus  allowing  0*  =  0.25m  to  be 
achieved. 


At  uHeetkm,  0*  ia  choacB  to  be  7  m  which  ia  when  the 
duomaticity  at  the  IR  and  the  ***  *  minimBm.  The 

0f^  at  iiyection  ia  aignificantly  reduced,  from  1.3Am  in 
tk  SCDR  deaign  to  670m  at  preaent,  by  revecamg  Hie 
polatity  at  the  doublet  quadtiqrolea  QL4,  QL5. 

In  the  earlier  deaign  the  phan  advance  acron  an  IR 
waa  kqit  eonatant  during  the  aqueeae  ao  that  only  Hie  aum 
of  phan  advancea,  acron  half  aa  IR  waa  hdd 

eonatant,  but  not  ci  the  tmna.  Preaent  plana  include 
a  aet  of  local  trim  quadrupoln  and  aextupoln,  correcting 
fer  the  croaaing  an|^  [2]  and  IR  duomaticity  [3],  located 
next  to  the  quadrupolea  in  the  arc  ceils  adjacent  to  the 
IR.  To  optimise  the  above  correctkma,  we  require  that 
and  Hf  be  aqmmtdy  constant  during  the  0  aqueen.  Tht 
spedfic  valun  chosen  are  =  3.75ir  and  %  =  3ir  acron 
half  an  IR  and  exchanged  doe  to  antktymmetry  on  the 
other  aide  of  the  IP.  With  90*  phan  advance  pn  cell  in 
the  area,  thia  makn  the  phan  advance  between  the  IP 
and  the  outside  cell  quadmpofea  to  be  a  multiple  of  a-/2, 
i.e. 

whote  for  instance  /if  is  the  horisimtd  phan  at  an  arbi¬ 
trary  F  quad  in  the  arcs.  The  above  ccureetns  are  now  at 
qptbnal  pontkma  with  respect  to  the  triplet  quadmpdn, 
tfe  main  souren  of  IR  perturbations.  Thia  dunce  also 
ke^  Hie  phan  advance  between  adjacent  IPs  to  be  ir/2 
(mod  2x)  which  minimian  the  higha  order  chnmaaHdty 
<0  the  two  IRa  cemobined. 

IV.  MAGNET  PARAMETERS 

In  the  present  design  we  un  opHmiaed,  realistic  pacame- 
t«ta  of  the  IR  magnets.  All  the  quaditqxdes  have  5em  bente 
and  maxiiimm  gradient  of  191  T/m.  The  quadrupole  gradi¬ 
ents  in  the  triplets  and  M  =  —I  aectiema  are  not  changed 
duritag  the  0  aqueeae  while  the  tuning  quadrupoka  have 
variaUe  gradimits.  Hie  5  cm  bore  vntical  d^ln  Imve  the 
same  dedgn  aa  the  horiscmtal  dipoles  in  the  area.  Only  the 
dipdea  located  next  to  the  triplets  need  the  larger  iq>er- 
ture  of  8.5  cm  to  provide  miou|di  qiace  for  the  s^arated 
beams. 

The  positions  of  the  quadrupedes  in  the  tuning  aectkm 
and  configuratkm  of  the  Af  =  — /  section  were  optimized 
to  reduce  the  total  Imigth  of  magnets  and  number  of  dif¬ 
ferent  quad  lengths.  Exduding  the  triplets,  thne  are  only 
3  different  lengHis  of  IR  quadrupolea  :  8.0m,  8.6m  and 
10.2  m.  Compared  to  the  previous  IR  design,  the  total 
length  of  magnets  ia  reduced  by  12%,  which  is  about  392  m 
for  4  IRa. 

V.  BETA  SQUEEZE 

The  characteristic  feature  of  the  \om-0  cities  is  an  ex- 
tranriy  high  0p—k  value  in  the  final  triplets  at  collision 
optics.  A  much  Iowa  Pptmh  value  is  aUowiul  at  iqjection  oi- 
ogy  because  of  the  larger  beam  emittance.  A  smooth  tran¬ 
sition  between  the  two  optical  configurations  is  achieved  by 
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Figoie  3.  conm  &r  a  Vrn-fi  IR  (I*  s  20.5m). 

vMtyiog  the  gradieiMe  of  the  ifat  qaadnipolee  in  the  toning 
eoction.  TUe  reqaine  that  eadi  jtaniiig  quad  have  an  inde¬ 
pendent  poner  eoppty.  Thd  wintion  of  gradientc  daring 
the  0  sqneeie  ie  ehonm  in  Fi|^S.  It  jje  se»  that  <mly 
the  poner  emqidy  aaoa.QLS  will  have  a  large  swing  Rom 
iadection  to  c^HSmaa  and  the  other  qoadn^es  may  nee 
vaakfijr  power  sanities.  In  ewteast  to  the  SCDR  dewp, 
there  is  no  rewnaal  of  p<dari^  daring  the  0  sqaeese  winch 
mahes  the  present  deeiip  more  robniit. 

The  tran^  aMttht  amoae  the  IR  and  the  phase  advance 
across  enei  half  IR  stay  constant  daring  the  sqoeeie.  This 
gninatees  that  the  rest  of  the  machine  is  nnaffiected  in  the 
aheenee  of  ertoBB. 

figtte  8  riiows  a  dow  dtange  of  the  gradients  in  the 
high  /f*  part  of  ^  0  aqpiteK  and  a  Cut  change  in  the  low 
0*  part.  The  chromatidty  of  the  IR  qnadnipoles  behaves 
rindlariy  daring  the  agaeeae.  A  non-anifcom  time  dqMn- 
dance  of  0*  mnst  be  spedfied  to  make  the  variatkms  mote 
mdfisrm  in  tone.  Mhmnidag  both  the  rate  of  change  of 
cvnent  in  the  toning  ^uufavqtoles  and  the  rate  of  change 
of  chmnatidty  through  the  IR  leads  to  the  following  ex> 
ponential  variatkm, 


Fignte  4.  R^  of  change  of  corrent  daring  the  sqaeese 
(i*  =  20.5m). 

triplet  and  adjacent  pair  of  the  dipdes  ate  moved  togethw 
by  an  appn^riate  distaiice  frmn  the  IP  while  the  other 
stay  at  the  same  podtions.  Hie  lengths  of  tibe 
triplet  qnadmpoles  are  adjusted  to  keq>  the  secondary  fo- 
eas  at  the  same  distance  from  the  IP  and  to  minimise 
in  the  fr^let.  As  L*  increases,  the  trqdets  get  shorter  be¬ 
cause  of  the  k»ger  focal  loigth.  Si^  dianges  are  reqaired 
for  the  gradients  cf  the  toning  qnadropoles. 

For  any  given  L*,  the  lowest  0*  at  cdlkkn  cotreqxmds 
to  0ft^  SB  9km  in  the  triplet.  Iqjeetion  opdcs  teqoires 
a  minimum  of  both  and  chromatidty  ovwr  die  IR. 
With  these  conditk»s,  the  range  of  the  toning  gtadisnls  is 
about  the  same  finr  any  L*.  The  following  taUe  shows  the 
rdevant  parameters  for  die  foor  values  of  L*  diosen. 
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H 

11*2251 

IEjQI 

KiSa 

■29 

ImB^I 

13.1715 

34.55 

KSfl 

IIE£^ 

12.6064 

56.90 

23.0 

1.1 

KUO 

1.95 

1  8.6890 

11.2051  1 

/T  (f)  =  8.8exp(-t/20.3«)  +  0.2  . 

The  dnmtion  of  the  sqaeese  is  diosen  to  be  100  seconds 
whidi  is  the  least  time  cmisistait  with  magnet  spectftca- 
tionr  tog  d//<tt  and  it  is  also  the  doration  used  at  Fermilab. 
ngnte  4  shops  the  rate  of  change  of  current  throng  each 
quadropde  dating  the  sqaeese. 

VI.  DIFFERENT  L* 

The  four  Il|t  envisaged  in  the  cc^ida  might  have  different 
UsperimenM  wquhements,  sodi  as  qiace  for  the  detector 
and  beMa  fbo  at  the  IP.  Any  L*  in  the  range  between 
2i|,5m  and  fOm  can  be  obtained  in  die  praamt  deogn  by 
isinnpleinodiftcation.  Ibadiieveanieddie  value  of  !>*,  the 


The  values  of  34.55m  and  56.90m  woe  dioewi  since  in 
these  cases  two  of  the  qoadrupoles  in  the  triplet  coidd  be 
made  to  have  the  same  length.  The  two  smaller  values  of 
L*  can  be  used  for  the  low-^  IRs  in  the  East  clnsta,  and 
possibly  the  oth«  two  values  might  be  used  for  the  IRs  in 
the  West  dusta. 
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Tlie  Parameter  Spreadsheets  and  Their  Applications 
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Thia papar  k  to  annoaBce  that  a mC  of panuneteri^rMul* 
ahaats,  vaing  tiia  Micioaoft  EXCEL  aoftwata,  haa  baas  da- 
valopad  fbr  Um  SSC  (and  abo  for  the  LHC).  lo  thia  pre^ 
gram,  tha  input  (or  control)  paramatara  aaid  tba  darivad 
paramatara  ate  linked  by  aquations  that  axpraaa  tha  aecal- 
orator  phjrsics  involved.  A  subgroup  ct  param^ets  that 
are  comidared  critical,  w  poaatUe  tettlenadu,  has  been 
highlighted  under  the  category  of  "Flags*.  Given  cortain 
perfbnnance  goals,  one  can  use  this  program  to  "tune”  the 
input  parameters  in  such  a  way  that  the  flagged  param* 
aters  not  exceed  their  acceptable  range.  During  the  past 
years,  this  program  haa  bm  employed  for  the  following 
purposes:  a)  Tb  guide  the  machine  designs  for  various 
oation  acenatios,  b)  To  goierate  a  parameter  list  that  is 
satf^onaiatent  and,  c)  To  study  tha  impact  of  soma  pro- 
poaad  parameter  dianges  (e.g.,  diflamt  choices  of  tlM  rf 
frequency  and  bunch  spacing). 

I.  INTRODUCTION 

The  Superconducting  Super  Collider  (SSC)  consists  of  a 
linac  and  four  syndootrons  (three  boostm  and  a  colHdar). 
There  are  a  great  number  of  machine  and  beam  parama’ 
tars  that  need  to  be  a4}usted  in  a  coordinated  manner  in 
order  to  reach  the  q>ecified  goals  of  p^ormance.  For  this 
purpose,  a  set  of  EXCEL  spreaddiaets,  the  Spiaadsheets 
of  SSC  Earamaters  (SSP),  has  been  developed  as  an  inte* 
grated  design  tool  to  tone  the  machines. 

In  this  program,  there  ate  two  categories  of  parameters 
—  the  input  (or  omttol)  parameters  and  the  derived  pa¬ 
rameters.  All  are  linked  by  equations  that  express  the  ac' 
ederatw  phymes  involved.  A  subgroup  of  derived  parani' 
eters  that  are  conndered  critical,  or  possible  bottloieeks, 
has  been  highlighted  unifor  the  category  of  "Flags”.  Criti> 
cal  levels  have  been  assigned  to  each  of  the  flagged  param¬ 
eters.  The  <^ject  of  the  game,  given  certain  performance 
goals  (usually  luminosity  and  beam  energy  at  collision), 
is  to  "tune”  the  input  parameters  in  such  a  way  that  the 
flailed  parameters  not  exceed  their  acceptable  ranges. 

A  number  cases  have  been  studied  using  SSP,  includ¬ 
ing  (fiffooit  operation  scenarios  and  the  choice  of  some 
impcHiant  beam  parameters  such  as  the  rf  frequency  and 
bunch  spacing.  A  by-product  of  the  program  is  the  gener¬ 
ation  of  the  SSC  Paramet^  List,  which  is  now  widely  used 

'Operated  by  the  UnivecriUee  Reeeardi  AModation,  Inc.,  for 
the  UA.  Department  of  Energy  under  Contract  No.  DE-AC35- 
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Figure  1.  The  worinhsets  in  the  SSP  program, 
in  the  laboratory  as  a  quick  design  reference. 

II.  THE  SSP  PROGRAM 

The  S^  program  is  in  the  form  of  10  linked  spread¬ 
sheets,  usmg  the  Microsoft  EXCEL  software  as  shim  in 
Figure  1.  At  present  it  otmtains  about  100  input,  280  de¬ 
rived,  and  35  flagged  paramrters,  linked  to  each  other  by 
about  160  equations. 

1.  The  spreadsheets; 

Ibp-level  parameters  ace  in  the  "SSC”  wwksheet, 
which  appears  as  a  "window”  on  the  computer  screen. 
Overall  iqiector  parameters  are  in  tlu  "Iqjector”  work¬ 
sheet.  Specific  madiine  parameters  ace  generally 
listed  in  the  corresponding  worksheets.  Hiece  is  also  a 
worksheet  that  contains  all  the  physical  censtants  used 
by  the  program.  The  "Flags”  worksheet  is  set  up  to 
monitor  the  values  of  critical  parameters.  There  are  a 
total  of  35  flagged  parameters  at  this  moment  as  listed 
in  Table  1.  Values  in  column  B  within  sMe  operating 
ranges  are  indicated  in  column  D  with  a  "Green”  flag; 
those  outside  acceptable  ranges  are  flagged  "Red”. 
"Yellow”  is  used  to  indicate  values  near  expected  per- 
fiwmance  limits,  which  ate  described  in  Columns  E 
and  F.  The  macro-sheet,  "Startup”,  can  be  used  to 
open  all  the  worksheets. 

2.  The  input  parameters: 

The  input  parameters  are  entered  individually  in  the 
various  worksheets.  Ail  ate  possible  tuning  ‘^obs”, 
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Tkbie  1.  TIm  Flafi  workahMk  (nominal  c««e) 
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imt  tbone  commcmly  varied  are  the  beam  and  perfor- 
maace  input  paramcteta  aa  listed  in  Table  2,  in  vrhicb 
B  is’dw  beam  enogy,  C  the  luminosity  at  one  interac- 
tk»  p<wt  (IP),  Sb  the  bunch  spacing,  ejr  the  UOTral- 
isad  nns  toansvetse  emittance,  the  rms  longitudinal 
emHtance,  j0*  the  ^function  at  the  IP,  Pham  the  mo- 
mditam  of  the  protons  extracted  from  the  linac  and 
^  the  vacuum  pressure.  The  machine  and  lattice  in* 
put  parameters  have  tended  to  be  relatively  fixed,  so 
that  thoe  has  been  leas  incentive  to  vary  than.  The 
mput  parameters  are  distinguished  in  the  woriuheets 
by  appearing  in  bold  type. 

3.  His  formulae: 

Most  of  the  formulae  are  fruniliar  to  accelaator  phyri* 
data.  Smne  of  them  are  valid  only  for  the  SSC.  These 


are  either  obtained  from  computa  simulations  (e.g., 
the  dynamic  apertures)  or  doived  q|>ectfically  for  the 
SSC  (e.g.,  the  filling  factor  and  the  cycle  times). 

III.  APPLICATIONS 

A.  Operation  Scenarios 

SSP  has  been  used  to  study  a  number  of  cases.  Among 
them  are; 

•  Case  A  -  Nominal; 

•  Case  B  -  Commisrioning; 

•  Case  C  *■  High  luminosity,  £  =  10  x  10^; 

•  Case  D  -  High  energy,  E  —2Z  TeV. 

Hie  input  parameters  of  each  case  are  listed  in  Table  2. 
The  results  are  not  included  hoe  because  of  the  lack  of 


IV.  DISCUSSION 


•PMt.  bf|M«floatsaMth«l,  wkwtlMia|ratp«niMtflr> 
wiiy,  tl»  «Biot  ot  MNne  iaifMi  paranMtatt  will  rti— to 
ltd.  TMiwBtotwilyoeMceMok Hooded  in  ocdtr  to «4itt>t 
dMr  vnluoi  mch  tiilit  tbo  color  will  tom  bock  to  groon  or 
jfidlow. 

IkUo  2.  Input  Pnnoieters 
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1 

^In  Coae  C,  two  medium  luminooity  IP’s  ue  tamed  oS  to 
avoid  large  beam-beam  tune  shifts. 


B.  Parsmeter  List 

An  on-line  parameter  list  has  been  generated  by  the  ^P 
program.  The  advantage  of  maintaining  the  list  in  such  a 
way  is  that  it  k  self-consistent  and  easy  to  update.  The 
parameter  list  k  <m  the  node  SSCVX1.SSC.GOV.  One  can 
have  access  to  the  Ikt  thiou^  a  computer  networic  either 
inside  or  outside  the  laboratory,  by  typing  SSCLAB  as  the 
username  [1].  The  parameter  list  serves  as  a  quidc  reference 
guide  and  k  consistent  with  the  Level  3  Specifications  of 
the  machine  designs. 

C.  Impact  of  Parameter  Changes 

In  the  parameter  space,  when  one  changes,  the  others 
will  f<dIow  suit.  The  ^P  program  k  useful  for  thk  kind 
study.  Here  we  presmt  two  examples. 

1.  The  choice  d  the  rf  frequency: 

The  program  has  investigated  the  impact  of  the  rf  fre¬ 
quency  when  it  varies  fr(»n  180  MBs  to  480‘MHs.  It 
shows  that  the  changes  of  most  beam  paramMets  are 
small  [2].  It  k  thus  omcluded  that  the  choice  should 
be  ba^  on  other  factors,  such  as  the  beam  trans¬ 
fer  from  the  HEB  to  Collider,  the  cost,  and  mark^ 
availability. 

2.  The  bunch  qpadng: 

The  baseline  bundi  spacing  in  the  SSC  k  5  meters, 
which  k  mainly  determined  by  the  requirement  of  the 
detectors.  But  a  larger  bunch  spacing  k  advantageous 
to  the  luminosity.  In  order  to  accommodate  the  flex- 
ibiU^  of  dOferent  bunch  pacings  in  the  accelerator 
design,  the  program  has  been  employed  to  study  the 
impact  on  the  beam  parameters  when  the  spacing  k 
increased  to  a  multiple  of  5  meters,  using  either  the 
bunch  coalescing  scheme  or  the  rf  chopping  scheme  [3]. 
The  posnble  bottlenecks  are  idoitified  immediately  by 
the  pn^(ram  and  a  follow-up  study  k  now  under  way. 


1.  SSP  k  easy  to  use.  By  chekiag  the  mouse  a  few  times, 
one  may  readiiy  make  a  igment  <m  whether  or  not 
a  proposed  operation  scenario  or  parameter  change 
would  wmk.  But  SSP  k  neither  robust  new  bug-free. 
Care  must  be  taken  befiaie  drawing  conclusions. 

2.  The  present  Ikt  the  flags  k  by  no  means  complete. 
More  flags  will  be  added  to  the  future  vetrion  when 
the  necessary  information  becomes  available  (e.g.,  vac- 
unm,  eoi^led-buncb  instabilities,  transition  crossing, 
etc.). 

3.  SSP  k  not  arritten  for  optimisation.  In  other  words, 
Um  contrtfl  parameters  need  to  be  adjusted  manually 
rather  than  by  a  computer  search.  Implemoitation  ot 
a  search  ptoo^ure  should  be  strai^itforward  but  may 
be  premature  at  thk  time. 

4.  A  similar  program  has  been  developed  for  the  LHC 
and  its  iiyectors  (PS  Booster,  PS  and  SPS). 
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Ahttnui 

Smne  isndts  of  STStosialic  stadyss  ahenutiif*  kttkas 
fbctk*  TRIUMf  KAON  Fsctosj  Aecamulator  sad  Booster 
rtagi  are  pieseated.  The  aim  kas  beca  to  sedc  lattices  of 
a  compatible  form  for  both  riaf*  whicb  have  the  fidlow- 
iag  features:  ample  structure,  dsperskm-ftee  straight  see- 
tioas,  high  traasitioa  energy  for  the  Booster  and  a  straight 
seetioa  of  about  7  m  with  fiaite  dispernon  for  H~  iigeetioa 
iato  Accumulator. 

I.  INTBODUCTION 

The  development  of  the  racetrack  Booster  lattke  [1]  stim¬ 
ulated  a  sosrch  for  a  compatible  racetrack  design  for  the 
Aecnmulator  ring.  The  lattices  for  the  Booster  ai^  for 
the  Accumnlaka,  sharing  the  same  tunnel,  have  dSEaent 
requiremmts  which  prevent  to  designing  Accumulator  as 
an  emptier  varmat  of  the  Booster  ring.  The  main  con¬ 
straints  for  A-riag  optics  are  induced  bgr  the  requirements 
for  H~  painting  [3],  «•«.  providing  about  ~  7  m  long  daft 
naobstmcted  by  quadmpolcs  for  pfeeement  of  the  injec¬ 
tion  septum,  bmpp  magnets  and  centrally  kwatid  strip- 
piag  foil;  achievh^  momentum  resolntioa  i|b  S  of 

about  l.S  ~  and  qf,  =:  0  at  the  foil  bcitftimi,  de¬ 

pending  on  the  sise  of  painted  area;  and  miaimking 
at  s^f^ing  foiL 

A  aaasbcr  of  alternative  lattices  for  the  Booster  were 
considered  wUh  the  aim  of  overemniag  the  weaker  features 
of  the  standard  [1]  lattice,  ie.  a  rather  large  number 
ti  qaadrup<de  fhmilies  and  lack  of  space  in  tk  arcs  for 
momeBtum  eoDimation. 

n.  Accumulator 

Two  iqifnoaehes  have  been  investigated:  1)  lattices  with 
ngectioB  in  tlte  long  straight  sections,  2)  lattices  with  ia- 
jectkm  into  the  are.  Our  study  [S]  indicates  that  the  lat¬ 
tice  with  injection  in  a  straight  section  is  dexBile  for  alter¬ 
ing  tim  momentum  resolution,  though  it  requires  retuning 
their  straight  section  and/or  arcs,  and  eddbits  good  inco¬ 
herent  ^operties  w.r.t.  linear  ^ace  charge.  However,  the 
finite  dispcssioB  required  in  both  straights  makes  the  trans¬ 
fer  from  Aecumnlator  to  Booder  more  diflieult,  invcdving 
both  hcaisontal  and  vertied  bending.  It  looks  better  to 
l^onde  H~  injection  in  an  are  rather  in  a  long  straight. 

The  sample  lattice  mvestigetrd  (  ARS4.vtt )  has  the 
same  naunber  of  cA  and  superperiods  per  are  as  the  stan¬ 
dard  Booster  racdraek  lattice  (5  =  4,27  =  2)  but  has 
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a  dtibreat  structure  in  the  superperiod:  the  first  half-cdl 
of  eadi  superperiod  beiag  emidy  creates  a  douUe  waist 
mjeetion.  tune  of  eadi  superperiod  is  0.5,  and 
hence  the  dispetsion  vanishes  after  pasting  two  superpe- 
riods.  'ne  overall  tunes  are  just  above  5  in  both  {dunes. 
Fig.  1  shows  the  lattice  fonctums  for  this  lattice.  The 
difierenee  in  shape  compared  to  the  B-ring  seems  to  be 
aece|>tdde  (<  1  m)  and  has  a  bonus  of  leaving  mote  room 
for  the  A-to-B  transfer  Hue.  The  momentum  resolution  at 
seMUi'  seMUi'  — ’ 


Figure  1:  Lattice  functioiM  for  racetrack  Accumulator 

the  fell  t|/v?  is  about  1.58,  that  is  neat  the  optimum  value 
fbr  the  40  Hs  Booster  scenario.  Howevm  painting  a  smaBet 
transverse  area,  required  smaller  momentum  resolution,  is 
mote  difficult  —  only  small  changes  in  pb  can  be  achieved, 
and  even  at  the  expense  of  a  higher  beta-fanction  at  the 
stuping  foO. 

Fbr  potential  chromaticity  correction  four  sextnp<des  ate 
arranged  in  each  are  in  non-intoleaved  180°  {Mors  and 
{daeed  in  high  dispetsion  regions  with  extreme  to  re¬ 
duce  coupling  between  the  |>airs.  This  scheme  {>etfectly 
cancels  sextnpole-indnced  geometric  aberrations,  lesulting 
in  a  quite  large  dynamic  aperture  for  on-momentum  i>ar- 
ticles  (  d.a.  >  lOOOw  mm  mrad  ),  though  the  chromatic 
aberrations  ate  noticeable:  df-momentum  distortion  in  the 
/S-funetioBs  is  about  2  m  in  both  {danes. 

During  accumulation  the  |>eak  current  will  increase  from 
0  to  detign  value  of »  6.5  A  (  dreading  on  the  beam  dutri- 
bntioB  ).  To  study  the  de|>endenee  of  the  lattice  functions 
on  Imear  space  charge  we  have  devtioped  code  LinSp  [4] 
which  is  aUe  to  find  a  matched  solution  of  envdope  equa¬ 
tions  and  then  calculates  Twin  {wrameteis,  dis{>ersiou, 
trantition  energy  and  chromaticity,  as  wdl  as  providing 
the  stabiKty  analyais  by  computing  eigenvalues  A,-  of  lin¬ 
earised  envdiqpe  equathms.  We  have  found  that  the  lat¬ 
tice  is  quite  sensiti^.'  to  intq^er  resonances,  leading  to  blow 
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of  mUm  ua^HSikmim  ftuetiim  aad/or  di^t«nk».  Tliiu 
tko  ban  taaw  ««n  ehoMm  ht  from  iatqtm  (5.28, 6.32), 
•o  etoMiaf  of  aa  iatofn  ocean  oaljr  at  lu|^  iatauity 
(  aboat  16  A. ):  fin  hmac  eoRaata  (  ap  to  14  A  )  diqpaaioa 
aad  amptttade  ftuKtiona  cbaage  oaify  a  Httk  (neFig.2). 
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PiguK  3:  Lattice  (uiicti<»e  Ua  elternative  racetrack  Booater 
NBWBR. 


,L«r.ck. 

Figure  3:  —  (  dot-daeked  ),  tunes  ««.  peak  current  for 

■ample  lattice  ARS4~*tt  with  gradient  emus  O.lK  rma. 

The  lattieea  coandend  m  Ibr  for  the  Accamalator  and 
Booater  hawe  a  rdatirdy  large  aamber  of  qaadrapole  fiun- 
iHca  (  foar  famiKea  ia  tbe  area  ).  G.  Boea  [5]  baa  pro> 
poaed  aa  atteraatiTe  racetrack  lattiee  for  tbe  Aecamalator 
tiag,  wbkb  baa  a  remarkable  ftatare  of  haviag  oaly  two 
qaadrapole  fomiliea.  Uafortaaatdy  tbe  diTergeace  from 
tbe  geometry  of  tbe  racetrack  Booater  ia  aaacceptaUe. 
Rjeea’a  attempt  at  deaigaiag  a  racetrack  lattiee  wHhoat 
matched  iaaertioaa  baa,  however,  pronq^ed  aa  to  look  at 
aheraative  deaigaa  fin  Aecamalator  aad  Booater. 

Tbe  aheraative  lattiee  for  tbe  A-riag  baa  a  trqdet  fi>> 
caaiag  atraetare.  Each  area  are  made  of  3  aaperpetfoda. 
Each  aapaiperiod  eoaoata  of  3  cdla  with  tbe  central  cdl 
beiag  empty  to  provide  aa  a  8.7  m>loBg  drift  for  iajectioa. 
Dae  to  tUa  atraetare  aad  tbe  pbaae  advance  per  cdl  of 
90*,  tbe  diapernon  vaaiahea  over  one  saperperiod  with  a 
local  peak  of  3  m,  and  the  correapoading  momentam 
raaolation  is  near  the  optimam  1.3  m*^^.  Advantages 
iadade  tbe  need  for  only  two  qaadrapole  types,  aad  tbe 
same  fbenaing  stractare  in  the  Img  straight  sections  aad 
the  ares,  makiag  tbe  lattice  easier  to  commiasion  aad  ran. 
Dbadvaatages  iadade  the  shorter  straights,  which  reaah 
id  a  potoitial  probkm  of  lack  of  space  for  tbe  A-B  trans¬ 
fer  line,  aad  hnger  divergence  of  the  ring  shape  from  tbe 
carreat  standard  racetrack  Booater. 

III.  Boostbr 

The  alternative  lattice  investigated,  NEWER,  baa  5  cells 
and  two  saperperiods  per  arc,  tbe  tane  of  each  saperperiod 
beiag  1.5.  Two  empty  cdla  are  {novided  in  each  anperpe- 
riod:  one  at  the  ends  aad  one  ia  the  centre.  Snch  aa 
anaagemeat  is  reqaired  ia  order  to  pash  ap  7|.  Ikaaai- 
tioa  is  at  7i  13  aad  tbe  peak  dispersion  is  aboat  6.3  m. 
The  stia^iht  sections  are  bailt  from  the  same  PODO  cells 
aa  the  axe’s  saperperiods.  The  nominal  working  point  is 
(7.83,6.74). 

The  lattiee  fanetiona  for  this  lattice  are  shown  in  Fig.  3. 
Saee  canrdiag  the  diapeiskm  at  the  ends  of  the  arcs  to- 
geAei  wi&taiiiag7t  reqaired  a  rather  high  phase  advance 


per  cdl  (108  dqpees)  the  lattkx  has  a  higher  peak  beta- 
fhnetion  ia  the  ares  («  20  m)  than  the  standard  racetrack 
deaigB.  Since  the  ares  are  not  second-order  achromats 
chromatidty  correction  is  mote  difficalt.  A  comparative 
stady  of  closed  orbit  corrections  indicates  that  both  lat¬ 
tices  (  ahemative  aad  standard  )  have  similar  good  sta¬ 
bility  against  misaUgnmeats  and  lidd  setting  errors:  the 
maximam  residaal  orint  excarsion  after  correction  docs  not 
exceed  3  mm.  However,  the  variation  of  the  peak  disper¬ 
sion  in  the  arcs  and  the  amonnt  of  spatioas  dispersion  ia 
the  straight  sections  were  foand  to  be  kss  in  the  staad^ 
lattiee:  wg  <  1%  against  wg  <  4.5%,  <  0.015  m  against 

6sj  <  0.034  m. 

Particle  traekiag  for  the  chromatkity-nacorreeted  lat¬ 
tices,  with  misalignments.  Add  aad  systematic  maltipolar 
errors,  have  shown  that  d.a.  for  the  standaid  lattice  BRS4 
is  in  the  range  of  aboat  760-950  wmmmrad  with  dips  near 
Ap/p  =  0  aad  0.3%.  The  dynamic  apertare  fi»  the  alter¬ 
native  lattiee  liea  in  the  range  of  aboat  360-750  srmmmrad 
with  two  dips  in  acceptance  near  fp/p  =  0.2%  aad  0.4%. 
For  low-amphtade  motion  the  dominating  resonances  ia 
both  lattices  are  the  eoapKng  resonances  v,  ±  i/y,  which 
can  be  corrected  by  deew  qnadmpoles,  bat  as  the  amfdir 
tade  of  the  paiticles  is  increased,  odd  order  coaiding  reso¬ 
nances  (maUy  v,  —  aad  iv,  -  2Vf)  become  stronger, 
resulting  in  a  qnkk  loss  of  stability  in  the  NBWBR  lat¬ 
tice.  We  found  that  for  both  lattices  the  d.a.  dropped 
very  fast  with  increasing  multipolar  harmonics  B4  and  Be 
ap  to  aboat  3  - 10~'*. 

Both  lattices  exhibit  similar  momentam  dependence 
of  tnnes  aad  beta-fanctioas,  bat  the  higher  order  off- 
momentum  dispersion  is  much  larger  for  the  NEWER  lat¬ 
tice:  iieff  =  dxeojdS  fs  —0.018  m,  aim  leading  to  a  notice¬ 
able  momentum  dependence  of  the  7(.  The  effect  on  beam 
stability  will  have  to  be  carefully  evaluated. 

To  reduce  number  of  qaadrupde  families  a  modified 
standard  lattice  has  been  considered  (  h-feblO  ).  The  lat¬ 
tice  has  the  same  8x3  FODO  structure  of  arcs,  but  the 
eirpty  ceD  in  each  snp«tpetiod  ia  not  shortened  aajrmore. 
Eadi  long  straight  is  simidy  3  regular  empty  cells  which 
axe  similar  to  those  in  the  arcs.  Hence  only  2  qnadmpole 
fiuniHes  are  reqaired,  while  space  for  momentam  ctdlima- 


tioB  is  eieated,  though  at  the  expense  of  shortening  eadi 
straight  by  10.5  m.  The  available  space  in  the  straights 
is  still  sufficient  for  rf  cavities  and  beam  transfer  systems. 
Some  of  the  features  of  the  lattke:  1)  slightly  higher  peak 
vertkal  beta-function  in  the  arcs  (  18.6  m  )  dne  to  13^ 
mismatch  in  the  empty  cells  (  this  can  be  eluninated  by 
trim  qnads  );  2)  working  points  either  below  half'iBteger 
7t  ^  9,  or  above  half-integer  — »  71  »  11  —  12  (  in  both 
eases  dispei^a  in  the  straight  differs  only  slightly  from 
soo  );  S)  good  stabffity  under  space-charge  conditions;  4) 
less  room  available  for  the  A-B  tranter  Hue. 

This  lattice  seems  to  be  an  interesting  alternative  to  the 
standard  design  and  has  to  be  investigated  in  detail  fer 
placement  of  all  the  necessary  hardware. 


IV.  SPAOB-cHAaoB  nmcTs  m  tbb  Boostbr 


Sdf-conastent  space-charge  efficts  of  the  nnbanched  beam 
in  the  standard  racetrack  Booster  have  been  studied  by  us¬ 
ing  a  partiele-ln-cdl  computer  code  developed  at  INR  [6]. 
Several  tuns  have  been  performed  for  2-D  initially  K-V 
and’  Gansrian  distributions  at  a  bate  tune  close  to  the 
half-inte^  (  7.65,  5.6  ).  LinSp’s  prediction  of  enve¬ 
lope  hwtability  for  beam  with  the  phase-space  density 
(J  =  J/trms  )  of  0.5  —  1.25  A/  wmmmrad  has  been 
ctmflrmed  observing  emittance  blow-up  for  an  initiafly 
K-V  beam  in  the  ideal  lattice,  while  an  initiaDy  Gausnan 
dfetiibntioB  has  shown  a  smaller  growth  of  rms  emittance. 
After  introduemg  rather  strong  qnadtupole  imperfections 
( <’’no/o  =  O.S%  )  we  have  observed  large  rms  and  fuB  siie 
enshtance  growth  in  the  x-pbme  in  Ae  range  J  fst  0.72—1.3 
( see  5,  where  the  core  width,  i.e.  38%  of  all  particles, 
widths  of  B^dk  (  66%  )  and  tails  (  95%  )  are  plotted  ver¬ 
sus  phase-space  density  f/eo).  This  can  be  compared  with 
the  results  of  a  LinSp  run  for  a  lattira  with  quadmpole 
errors  (  Fig.  6  ).  Here  we  clearly  see  a  point  of  bifurca¬ 
tion  (  J  »  0.853  ),  where  a  unique  (  unstable  )  eqnQib- 
rhun  sj^its  into  two  branches.  Bifurcation  of  equilibrinm 
produMS  changes  in  the  topological  structure  of  the  phase- 
space  (Bstribution,  which  have  been  observed  in  computer 
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Figure  6:  7i  sod  |A|  phaae  space  density  for  lattice 

w/  qoadnipole  errors. 
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Abstract 

In  the  Fermilab  Booster,  the  coupled  bunch  oscillation  is 
excited  between  transition  and  extraction  by  parasitic  high 
order  inodes  (HOM)  in  17  RF  cavities.  The  growth  rate 
is  determined  by  the  coherent  frequency  shift  and  natural 
Landau  damping  due  to  nonlinearity  of  RF  waveform.  The 
passive  damping  and  active  feedback  are  normally  used  to 
reduce  coherent  frequency  shift.  Here  we  report  that  Lan¬ 
dau  damping  can  be  enhanced  through  coreful  program¬ 
ming  of  RF  voltage  through  the  acceleration  cycle.  It  is 
very  effective  during  rampiug  where  synchronous  ]>hase  is 
big  and  bucket  area  is  very  sensitive  to  the  RF  voltage.  Iii 
the  case  of  a  stationary  bucket,  the  landau  damping  is  not 
sensitive  to  RF  volatge. 


1  Introduction 


coupled  hunch  mode,  one  around  mode  16  and  another 
around  mode  ;l(>.  Following  the  installation  of  resistive 
dampers  [3]  [4]  in  the  the  RF  cavities,  modes  around  mode 
16  are  successfully  damped.  Modes  :I4,  35  and  36  still 
persist.  The  narrow  l>and  active  damper  is  able  to  damp 
any  one  of  three  modes,  luit  not  all  of  them  simutanously. 
The  wide  hand  system  is  under  design  [5].  The  coupled 
hunch  oscillation  is  still  the  limitation  of  longitudinal  per¬ 
formance.  Operationly  the  couple  bunch  oscillation  is  re¬ 
duced  by  mistuiiing  transition  timing.  If  we  try  to  operate 
at  iiomial(optimize<l)  7t  jump  timing  and  phase  jump  tim¬ 
ing,  very  strong  fJBM  is  exciter!. 

We  report  the  couple  hunch  oscillation  can  be  reduced  by 
careful  programming  of  RF  voltage  after  transition.  The 
noinail  R.F  voltage  curve  has  bucket  area  larger  than  U.2 
ev-s,  which  is  much  larger  than  the  beam  emittaiice  (about 
U.06  ev-s).  So  one  way  to  increase  the  synchrotron  tune 
.spread  is  to  let  l>eam  611  the  bucket  by  the  reduction  of 
RF  voltage  [()]. 


The  Fermilab  Booster  is  a  fast  cycling  synciirotroii,  accel¬ 
erating  protons  from  2UU  Mev  to  8  Gev  in  33  ms.  The 
8  Gev  beam  extracted  from  the  Booster  will  be  injecterl 
into  the  Main  Ring  (MR),  which  has  a  very  limited  trans¬ 
verse  aperture.  To  aciiieve  high  transmission  in  the  MR, 
it  is  desireable  that  the  Booster  beam  has  small  momen¬ 
tum  spread.  Also  the  beam  accelerate<l  in  the  MR.  will 
either  be  used  to  produce  antiprotons,  or  coalesced  to  sin¬ 
gle  bunch.  Both  the  aiitiproton  .stacking  and  the  protiui 
coalescing  prefer  beam  from  the  Booster  with  small  lon- 
gitinal  emittance. 

In  the  Booster  the  longitudinal  emittance  growth  is  due 
to  tran.sitioii  cros.sing  and  longitudinal  couple<l  bunch  in¬ 
stability  after  transition.  Some  years  ago  the  7,  jump  sys¬ 
tem  [1]  was  implemented  to  increase  effective  transition 
crossing  speed,  thus  reducing  the  longitudinal  emittance 
blow  up  through  tran.sitioii.  Although  the  7,  jump  did 
reduce  emittance  growth  due  to  tran.sitioii  rras.sing,  the 
smaller  buncli  after  transition  resulted  in  more  prononnce«| 
lougitudinal  coupled  bunch  in.stability.  So  the  -y,  jump  .sys¬ 
tem  was  not  ii.setl  operationally.  .So  it  is  conplefi  luinrh 
oscillation  that  limits  the  longitiiii.al  performance  in  the 
Booster. 

The  iiulividiial  coupled  bunch  o.scillation  mode  has  been 
identiffed  to  be  stronghly  rorrelateil  to  the  parasitic  mcMles 
in  the  RF  cavities  (2).  There  are  mainly  two  clii.ster.s  of 


2  Review  of  Sacherer  Theory 


The  rule  of  thumb  for  coupled  bunch  instability  is  [7] 


■S'  ^ 

Aw,,,  x/m 


(1) 


where  S  is  the  synchrotron  tune  spread  inside  the  bunch, 
aiul  Aw,,,  is  the  coherent  frequency  shift  of  mode  m  caitsed 
liy  a  resonator  shunt  impedance  R,  and  quality  factor  Q 


,  ^,RJDF„AA4>) 

=  —.kJb — 

where  I  i.s  beam  current,  w,  synchrotrou  frequency  at  the 
center,  F, „(<!>)  is  the  form  factor  which  speciffes  how  ef¬ 
ficiently  the  resonator  can  ilrive  a  certain  mode  m.  The 
term  D  depends  on  the  attenuation  of  the  resonator  signal 
between  two  bunches,  and  is  about  1  for  high  Q  resonator. 
The  <|uantity  we  want  to  maximize  is 


.s' 

Aw,„ 


.S'  1 

NR, 


(3) 


The  role  of  mode  damping  and  the  active  feedback  is  to  re¬ 
duce  tlie  effective  sliuiit  impedance.  The  RF  voltage  should 
to  lie  programmed  to  maximize  the  figure  of  merit 


*()|W!l'ateil  Iiy  tile  Univecsities  Heseai'cli  A.sKiH'i.atioii  liic..  iniilei' 
roilirart  with  tli«f  17. S.  of 
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MMUniof  tbe  fonn  fsctcMr  is  «  constant.  Win^it  is  hig, 
we  t«duc8  RF  iroitags  by  little  to  end  up  increasing  tlie 
fractional  synchcotton  tune  spread  dramatically.  But  for  a 
stationary  bucket,  the  bunch  length  changes  as  ■  To 
the  first  order  approximation,  is  proportional  to  the 
stpiare  of  bunrii  length.  So 

FOMckV^j,  (5) 

which  has  a  very  weak  dependence  onVrj. 


3  Result  in  tlie  FNAL  Booster 


By  reducing  the  RF  voltage  after  transition  as  shown  in 
Fig.  1,  the  coupled  bunch  oscillation  is  .siiccessfidly  re¬ 
duced.  Comparing  the  spectrum  in  Fig.  ‘it  t.rigge<l  at  :l4ms, 
1.5ms  before  extraction),  coupletl  bunch  mode  has  been 
lowered  by  8  Db  on  the  average  of  3‘i  pusles.  Upon  inspec¬ 
tion,  all  three  primary  modes  (34,  35  and  30)  have  been 
damped.  With  this  new  RF  curve,  there  is  couple  bunch 
oscillation  till  roughly  32ms  in  the  cycle.  After  that  the 
synchrotron  tune  spread  is  not  big  enough  to  suppress  cou¬ 
pled  bunch  instability  entirely.  The  mountain  range  plot 
is  shown  at  extraction  with  ohi  RF  curve  at  Fig.  3  and 
with  the  new  one  at  Fig.  4. 

As  a  result,  the  longitudinal  emittance  is  further  reduced 
and  the  transmission  efficiency  is  increased.  A  new  MR 
intensity  record  is  created  2.17  x  lU^^  for  0  Booster  turns 
(2.5  X  10**),  which  is  helpful  to  im|>rove  the  aiitiproton 
stacking  rate.  For  7  Booster  turns,  the  booster  can  accel¬ 
erate  2.6  X  10**,  of  which  (2.53  x  10**)  inject.e<l  to  MR  and 
2.20  X  10**  accelerated  to  120  Gev. 


4  Disciissiou 


The  result  in  the  booster  verifies  that  the  RF  voltage  re¬ 
duction  is  a  very  effective  way  to  increa.se  laiidua  dam|)- 
ing  when  is  bigger  and  becomes  ineffective  when  .syn¬ 
chrotron  phase  is  small  at  extraction. 

The  reason  for  big  variation  of  coupled  hunch  cxscilla- 
tion  amplitude  from  pulse  to  pulse  is  not  well  understoo<l. 
Good  understanding  of  this  variation  may  jirovide  us  het.- 
ter  way  to  of  controlling. 

With  upcoming  40U  Mev  upgrade,  the  intensity  in  the 
Booster  will  be  doubled.  So  the  coherent  fretpiency  shift 
wilt  also  be  doubled  if  the  longitudiiical  emittance  is  the 
same  as  now.  Hopefully  the  wideband  actice  feedback  will 
come  to  the  action.  But  the  feedback  system  is  only  .sensi¬ 
tive  to  the  coherent  dipole  oscillation.  Once  dipole  oscilla¬ 
tion  comes  under  control,  the  potential  higher  or<ler  (likely 
<|uadrupoie)  oscillation  will  become  a  concern. 


22  M  26  21(  .HI  )2  M  W 

IMK  «  dr  BcNiMer  cycle. 


Figure  1:  The  RF  voltage  curve  after  transition  in  the 
Booster.  The  old  curve  starts  with  a  biiclcet  area  U.2  evs 
and  increases  to  larger  than  .4  evs  at  extraction.  The  new 
.starts  with  .1  evs  ainl  increases  to  0.2  evs. 
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Figure  2:  The  beam  spectrum  in  the  Booster  at  34.5ms 
averaged  with  32  pusles.  The  reduction  of  8  Db  in  coupled 
bunch  mcules  with  new  RF  rf  curve  is  visible. 
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Figure  3:  The  typical  moiitaiii  range  display  at.  extraction 
(33.5-35.5  ms)  with  old  RF  curve.  The  intensity  is  2.2  x 
10**,  the  swip  is  1  ns/div.  The  yt  jump  trigs  at  13.72  and 
the  transition  phase  jum|Ki  at  18.7Gn)s. 
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Figure  4:  The  same  moutain  range  plot  with  new  R  F  curve. 


Beta  Measurements  And  Modeling  The  Tevatron 

Nonnan  M.  Oelfiuid 
Ftenu  Natk»al  Accelerator  Labocaio^ 

P.O.  Box  SOO.  Batavia  B.  6051 0.  USA 


Abstnet 

Ibe  Tevatron  is  currently  operating  as  a  collider  widi 
two  low•^(^*-0.2S*0Jm)  interaction  regions  denoted  as  BO 
ttuIDO.  This  lattice  allows  independent  (^ration  of  the 
interaction  regions  which  required  that  die  previous  collider 
latdce,  used  in  1988-89,  had  to  be  modified.  In  order  to  see 
how  well  die  latdce  conftmns  to  die  design  measurements  of 
die  PAinction  have  been  carried  out  at  15  locadons  in  die  new 
Tevatron  collider  latdce.  Agreement  can  be  obtained  between 
the  measurements  and  a  computer  model  for  the  Tevatron. 
based  on  die  design,  <mly  if  die  strengdis  of  the  gradients  in 
die  quadnqwles  in  die  low-P  triplet  are  allowed  to  differ  from 
dieir  design  values.  It  is  also  o^rved  diat  the  latdce  is  very 
sensitive  to  the  precise  values  of  the  gradients  in  these 
magnets. 

I.  INTRODUCTION 

Hie  Tevatron  is  currendy  operating  as  a  collider  with 
two  low-P(P*-0.25-0.5m)  interaction  regions  denoted  as  BO 
and  DO.  This  lattice  was  designed  to  allow  independent 
operation  of  the  interaction  regions  so  that  the  previous 
collider  lattice,  used  in  1988-89,  had  to  be  modifled.  The 
design  of  diese  new  low-P  insertions  required  die  construction 
of  new,  strong,  quadrupoles  to  get  to  the  desired  value  of 
P*>i0.25m.  In  addition  new  quadnipole  correctors  are  required 
outside  of  die  triplet  to  match  die  todce  fiinctimis  of  the  Iow--^ 
insertion  with  the  values  in  die  lattice  arcs  at  the  matching 
point,  an  essential  requirement  if  operation  of  the  interaction 
regions  is  to  be  indepmident 

In  addition  to  a  new  interaction  region  at  DO,  the  closed 
orbit  is  a  helix  produced  by  electrostatic  separators  in  order  to 
reduce  the  beam-beam  interaction  between  the  colliding 
protons  and  anti-protons.  This  allows  us  to  run  with  smaller 
proton  emittances  and  thus  increase  the  luminosity,. 
Additional  separators  are  used  to  make  die  beams  collide  head 
on  at  die  interaction  points.  This  complicates  operations  but 
has  (Mily  a  anall  effect  on  the  lattice  functions. 

As  with  any  new  facility  it  is  very  desirable  to  test  how 
well  die  actual  perfnmance  matches  the  design  expectations. 
With  diis  as  our  objective,  die  lattice  fiinctimi  ^  was  measured 
at  locations  within  die  insertion,  and  also  at  one  point  in  the 
arc,  and  die  results  compared  to  the  calculations  of  phased  on 
the  design  lattice.  This  note  describes  the  results  of  that 
comparison. 

n.  METHOD 

The  mediod  used  to  measure  the  amplitude  function  P 
was  proposed  by  Courant  and  Snyder  in  their  original  paper  on 
the  Alternate  Gradient  Synchrotron[l].  The  procedure  is  to 
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vary  the  strengdi  of  a  single  quadrupole,  m  a  point  in  die  lattice 
whm  it  is  posnble  to  do  so,  and  measure  the  resulting  duu^ 
in  the  tune  in  bodi  planes.  Hie  diange  in  tune  is  related  to  die 
value  of  Pat  diat  poim  according  to  the  followii^  formula: 

^4xAv/(Ak2) 

udiere  Ak2i^ABV(Bp]  and  AB*  is  die  diange  in  the  gradient  cS 
die  quadrapole. 

Because  this  relation  is  true  only  in  the  limit  of  very 
small  AB*,  at  whidi  the  diange  in  nine  is  not  measurable,  time 
changes  were  meanired  over  a  range  A  B’ and  die  data  were 
fit  to  a  second  order  polynomial.  Hie  slope  of  the  fit  at  A  B 
gives  the  desired  value  of  pL 

The  measurements  of  P,  using  this  procedure,  were 
made  at  7  locations  rm  both  sides  of  the  interactitm  regions  at 
BO  and  DO  and  at  the  location  of  a  tuning  quadrapole  at  B17. 
During  these  measurements  diere  were  only  protons  in  the 
Tevatron. 

It  is  obvious  that  no  measurements,  using  diis  approach, 
can  be  made  at  the  interaction  points  since  dmse  points  must 
be  left  clear  for  the  experiments.  Furdier  the  low  value  of  P 
there  means  that  even  if  a  quadrapole  could  be  placed  at  the 
interaction  point  large  changes  would  have  to  be  made  in  die 
gradient  to  observe  any  tune  shift  Knowledge  of  die  values  of 
die  lattice  functions  at  the  interaction  point  must  come  from  a 
model  of  die  lattice. 

in.COMPARISON  WITH  A  MODEL 
FORTHETCVATRON 

An  accurate  model  of  the  Tevatron  would  be  able  to 
reproduce  the  measurements  made  of  die  pftmction  described 
above.  As  is  seen  die  agreement  between  the  measurements 
and  die  model  using  die  design  values  for  die  die  quadrapole 
gradients  is  not  good  (see  figure  la,lb,lc).  The  reason  for  die 
discrepancy  came  from  inadequate  knowledge  die  transfer 
functions  (die  relationship  between  die  current  in  the  magnet 
and  the  resulting  gradient)  of  the  strong  quadrupoles  in  the 
magnetic  triplet 

The  p  function  in  the  present  low-P  Tevatron 
lattice  is  very  sensitive  to  small  dumges  in  die  strengdis  of  die 
quadrupoles  in  the  low-p  triplet  Figure  2  shows  the  diange  in 
Ae  P  function  in  the  arcs  when  the  gradients  of  the  232" 
quadrupoles  at  BO  »e  changed  by  0.1  %.  In  order  to  predict  die 
behaviOT  of  the  P  function  in  the  Tevatron  it  is  necessary  to 
know  die  transfer  constants,  i.e.  die  relationship  between  die 
current  dirougb  die  quadrapole  and  die  resulting  gradient  for 
die  magnets  in  die  triplet  to  better  dum  0.1%. 

The  fabrication  methods  used  to  construct  these 
quadrupoles  would  lead  us  to  expect  magnet  to  magnet 
variations  in  the  transfer  constant  of  0.05%  for  the  232" 
quadrupoles  and  0.07%  for  the  132"  quadrupoles.  Thus  the 
manufacturing  tolerances  are  not  good  enough  to  enable  us  to 
predict  the  characteristics  of  the  lattice.  The  other  new 
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qnadnipoles  in  tfie  kiw-Pinseitkxis  have  lai|er  nnoeitainties 
(-0.1%)  but  are  wedcer  and  are  also  re  poims  in  the  lattice 
ndMR  are  less  crhkal  in  determining  die  values  of  pL 

An  aoempt  was  made  to  aseasuR  the  trmisfer  constants 
at  die  Fmnilab  Magnet  Test  Facility  (M1F)<  Unfortunately 
diere  were  serious  proUrens  widi  die  measuring  techniques 
which  made  die  absolute  values  of  the  measured  trailer 
constants  mreHdble,  and  diereforediey  have  not  been  used  in 
our  model  calculations. 

Despte  die  ihct  dire  we  could  not  measure,  re  MTF,  die 
absohiie  vdues  of  die  tiansfer  constants  we  dKMild  be  able  to 
make  use  of  the  idadve  strengda  of  die  magnets  as  measured 
at  MTF  to  account  for  the  variance  in  quadnqiole  gradient  due 
to  manulMtuting  ttderances.  These  relative  measurements 
have  been  ineoiporreed  into  our  model. 
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We  have  attempted  to  fit  the  measured  values  of  P 
vaqfing.  in  our  conqwter  model,  die  sbengdis  of  the  magnets  in 
die  trqdet  Unformnately  the  properties  of  die  triplet  are  such 
that  die  three  quadnqwles  are  re  essmitially  die  same  phase. 
This  means  dire  we  are  unable  to  extract  meaningful  values 
only  for  the  strength  of  the  triplet  and  not  for  the  individual 
elements. 

We  find  reastmable  agreement  between  die  model  and 
die  data  widi  reasonable  changes  in  die  nominal  values  die 
quadrapoles  in  the  triplet  (figure  3a3b,3c).  Because  of  the 
coRelatkm  between  die  fitted  trmisfer  constants  this  procethue 
does  not  yield  the  values  of  the  transfer  constants  for  the 
individual  quadrapoles  but  the  procedure  does  give  a 
reasomdiie  modd  of  the  lattice. 
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TV  CONCLUSIONS 

The  Pfunctioii  in  die  Tevatron  cfdHder  lattice  is  vety 
sensitive  to  the  precise  values  of  the  strengths  of  the 
quadinp<des  in  die  low-^  triplet.  Changes  in  die  huegraied 
gradients  by  0.1%  can  produce  significant  dMQges  in  Pin  die 
arcs  as  wen  as  in  die  lo^P  insertioas. 

We  have  been  aMe  to  get  leasonaUe  agieenient  between 
the  measured  values  of  p  and  our  raodd  by  nuking  leasonaUe 
changes  in  die  nominal  values  the  strengths  of  the  magnets 

in  du  tr^i^  tfK 
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Absuact 

TbeFerntOa  Mato  Btieciw  Project  is  a  new  ISOGeV 
syncbroinm  now  under  oonstructian  at  the  Fermi  National 
Acoetofator  Udwtaiory.  The  FMI  has  been  desicned  to 
support  a  huatadaity  in  excess  of  SxlO^*  cm'^sec**  in  the 
Tevairon  ptotcuMUttiproton  collider  while  simultmieously 
ptovidiiv  a  2  mkroAaqt  resonantly  extracted  120  GeV  beam 
which  wiD  present  unique  capabilities  in  the  realm  of  rare 
neutral  K  dechys  and  long  baseline  neutrino  oscillatioa 
expertoieats.  Expected  performance  characteristics  of  the 
htoia  hyecior  will  be  reviewed,  and  the  status  of  the  project 
«d  the  schetfaile  for  completiaa  will  be  discussed 

The  Feie^b  Main  Injector  is  the  final  piece  of  a 
program,  known  as  Fennilab  HI.  which  is  designed  to  produce 
an  approximate  factor  of  10  increase  in  the  Tevatron  Ctdlider 
luminosity  as  couqtared  with  the  current  performance  of 
6x10^ cm'^sec*^.  [11  In  itself,  the  Fermilab  Main  Injector 
(FMI)  is  designed,  and  eaqiecied.  to  yield  a  factor  of  5  increase 
over:  the  luminosity  achieved  by  all  the  other  modifkatioas 
installed  in  the  Tevatron  complM  prior  to  the  commissioning 
of  the  Main  Iiyecior.  The  primary  design  goal  is  to  achieve  an 
operatfa^  huninosity  in  the  Tevatron  ColUder  of  at  least 
3x10^^  cm'^sec*^.  All  components  of  the  Fermilab  111 
program  built  and  oommisskined  to  date  have  met  or  exceeded 
their  design  performance,  yielding  a  hope  of  not  only 
achieving  the  3x10^^  cm*^m'^  luminosity,  but  perhaps 
teaching  a  levd  of  peiftinnance  up  to  1x10^^  cm'^sec'^  The 
exact  expectadon  can  be  more  pteciaely  stated  after  operation 
of  the  Tevatron  Cirilider  with  the  Linac  Upgrade  (an  eariier 
part  of  Femdiab  HI)  to  achieved  in  hue  1993. 

The  FMI  prcject  goal  to  to  functiooaDy  and  physically 
iqilaoe  the  operation  of  the  130  GeV  acceleratar  (the  arigimd 
Fermilab  conventioaal  magnet  "Main  Ring")  which  presently 
shares  the  63  km  drcnmference  main  tunnel  of  the  Fermikd) 
accekaux  conqilex  with  the  superconducting  Tevaiion.  The 
130  GeV  accelerator  is  the  third  accelerator  of  the  four 
acceleratar  cascade  at  Fermilab  (Linac,  8  GeV  Booster,  130 
(jeV  accelerator.  Tevatron).  After  the  aforementioned  Linac 
llpgrade  Fnject  to  operational,  protons  wiU  be  injected  at  400 
MtoV  into  the  Booster. 

The  FMI  to  an  iqiproximaiely  circular  (rather  more 
eUqitical  due  to  siting  considerations)  accelerator  28/53  the 
ctocumfereace  of  the  present  "Main  Ring."  Twelve  (12) 
"Booster  botches"  are  presently  used  to  fill  the  Mato  Ring  and 
tmnsfened  to  the  Tevatron  for  injection  and  acceleratioo  for 
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fixed  target  physics.  Two  FMI  aooeleratian  cycles  will  be 
required  to  fill  the  Tevatron  for  fixed  target  physics  at 
Tevatron  oiergies.  The  1^  will  permit  several  operational 
scenarios  which  either  do.  or  wo^  conflict  with  collider 
opemdaos  at  present.  The  production  of  andprotons,  for 
examine,  requires  the  rqiemed  exdtadon  of  the  presoit  M^ 
Ring  to  120  GeV  on  a  2.3  sec  cycle.  SmaU,  but  annoying 
proton  losses  during  the  acceleration  cycle  require  the 
'Mmiktog'  of  the  DO  odlider  detector  for  brief  periods  of  dme 
each  cycle.  This  results  in  an  qrproximately  15%  loss  erf 
available  coittder  luminosity  at  DO,  as  conquued  to  CDF  at 
BO.  This  to  a  result  of  the  fact  that  the  Main  Ring  runs 
partially  through  the  DO  detector  (only  avokUng  the  ceateto 
portion  of  the  detector),  rather  than  comfrietely  over  the  C3>F 
detector  at  BO. 

The  critical  justification  for  replacing  the  Main  Ring 
with  the  Rdl.  however,  is  the  very  small  adotittance  of  the 
present  configuration  of  the  Main  Ring  (qiproximtoely  12  « 
mmjnrad  at  8  GeV).  This  limitation  (which  to  a  distinct 
reduction  of  the  original  admittance  of  the  Mato  Ring  when  it 
was  commissioned  20  years  ago)  to  the  result  of  the 
introduction  of  vertical  diqiersion  from  the  CDF  and  DO 
'overpasses',  even  though  die  DO  overpass  to  only  a  tow  feet  to 
vertical  itimenrion.  Abo,  the  increase  in  the  mimber  of  Main 
king  injection  and  extraction  devices  has  further  limited  the 
iqierture.  The  IMI  to  designed  with  an  admittance  at  8  GeV  in 
excess  of  40  x  nuiuntad.  Great  care  has  been  taken  to  pboe 
injection  and  extraction  devices  at  advantageous  locations  to 
tire  lattice.  Also,  a  1.3  second  cycle  time  to  120  GeV  for 
antqwoion  production  and  a  1.8  second  cyde  time  for  nerttrino 
production  is  envisioned.  These  reqniremertts  have  toapBed  the 
necessity  of  designing  new  conventional  otqiper  and  iron 
magnets  of  good  fidd  quality  over  a  large  aperture  with  cost 
effective  Ugh  rate  ramping  characteristics.  Power  supplies  md 
rf  capabilities  to  match  these  specificaiiotH  me  also  critical. 
On  tte  other  hand,  certain  iteans  may  be  'recycled'  from  the 
existing  Main  Ring  to  tire  extent  that  qmmtities  are  availabie 
and  the  expected  lifetimes  are  remtonable.  Main  Ring 
quadrupoles  are  such  an  example  of  devices  plantred  for  re- 
utilization.  Other  items  can  be  used  for  different  purposes;  for 
exanqtie,  the  8  GeV  transfer  line  fiom  the  Booster  to  the  Main 
Injector  to  qiproximately  750  meters  long  and  will  tttiUze  one 
type  of  Mato  Ring  dqxrie. 

An  active  Research  and  Developrrrent  program, 
expected  to  cost  $16.7M.  is  nearing  ootn|tie^.  All  the  RAD 
program  is  ejqrected  to  be  concluded  in  qiproximately  18 
months.  This  program  has  included  the  development  and 
testing  (rf  new  FMI  dipole  magnets,  the  assoctoted  d^le 
magnet  power  supplies,  specialized  quadrupole  and  aextiqwle 
magnets,  and  rf  power  amplifiers.  The  first  two  prototype 
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<ti|Kilw  woe  oonpkied  in  1991  and  extensively  measured 
whtta  ‘endpack'  designs  were  developed.  In  amformance  with 
a  U.S.Dqpmtnieot  of  Energy  (IX)E)  business  strategy 
wcoatmendatkiB  in  1992,  a  program  to  execute  the  imyority  of 
the  dipole  magnet  construction  using  outside  commercial 
vmiors  was  developed.  Twelve  (12)  additional  R&D  dipole 
magnehi  are  now  under  construction,  with  F^milab  acting  as 
the  ^neral  cootractor  for  the  work,  but  with  only  final 
assembly  (and  less  than  10%  of  the  value  added)  being 
accomplished  at  Fbnnilab.  Contracts,  .some  with  optioas  to 
extend  to  production  tpiantities.  have  been  bid  and  negotiated 
(some  using  Source  Evaluation  Boards)  for  copper  coils,  ccnl 
insulation,  magnet  lamination  steel,  and  steel  'half-core 
staddng.' 

A  prototype  d^Ie  power  supply  is  under  con.structioa 
and  nearing  completion  at  site  E4R  where  a  ground  level 
tunnd  roclosine  was  created  for  an  SSC  magnet  test  .string 
operated  at  Fermilab.  The  SSC  testing  is  complete,  aiid  the 
eqmpment  has  been  removed,  and  the  site  is  available  for  a 
Rdl  test  string  utilizing  the  R&D  dipole  power  supply 
powering  a  string  of  the  R&D  dipoles.  A  second  R&D  dipole 
power  supply  will  also  be  built.  The  rf  R&D  program  has 
included  a  comparison  of  commercially  available  cxanponents 
with  the  performance  rev  'lents.  Units  will  be  toad  tested 
this  year. 

Congress  first  appioiiriated  funding  for  the  FMI  in 
FY92  in  the  amount  of  $1SM.  This  was  later  reduced  by 
Congres.sional  recision  to  $11.65M.  For  FY93  an  additional 
$15M  was  appropriated,  bringing  the  total  qipropriated  to  date 
to  $26.65M.  The  latest  approved  FMI  total  project  estimated 
cost  (TEC),  completed  for  the  Title  I  review,  is  $194M  in 
$FY$91,  which  translates  to  $222.5M  in  $FY$Then  Yeiu  with 
the  presently  assumed  Office  of  Management  and  Budget 
(CMB)  schedule  for  funding  and  escalation.  The  Total  Rn^ect 
Com  (TPC)  including  R&D,  spares,  and  Pre-Operating  is 
$FY$91  220.SM  and  $FY$11ien  Year  252.SM. 

No  part  of  the  FY92  appropriation  was  relea.sed  by 
DOE  until  late  in  FY92,  and  then  only  for  very  limited 
purposes.  The  development  of  FMI  conceptual  designs,  FMI 
environmental  assessment  documents,  approval  of  wetlands 
mitigation  designs,  and  the  selection  of  an  outside  A&E  fum 
(Fluor  Daniel)  has  been  previously  reported  [2].  These  efforts 
were  directed  towards  obtauiing  DOE  Acquisition  Executive 
approval  of  the  first  Key  Decisions  (KD's)  in  May  1992  and 
the  acceptance  by  IK)E  of  the  FMI  Environmental 
Assessment  as  indicated  by  the  publication  of  a  "Final 
PC^Sr  (Hnding  Of  No  Significant  Impact)  in  the  Federal 
Register.  The  FONSI  was  published  in  early  July  1992.  At 
that  time,  based  upon  a  very  limited  approval  from  the 
Acquisition  Executive,  civil  work  began  on  the  wetlands 
mitigation.  The  May  1992  KD's  (KD-0  and  KD-1)  accepted 
the  (Moject  baseline  based  upon  the  latest  conceptual  design 
report  (CDR  3.1)  and  authorized  the  relea.se  of  FMI  Project 
funds  for  the  development  of  Title  I.  This  was  the  first  federal 
funding  sqient  on  the  FMI  at  the  A&E  firm;  all  earlier  work  in 
support  of  the  Environmental  Asse.sKment  and  the  Wetlands 
Mitigittion  bid  padcage  was  performed  u.sing  Stale  of  Illinois 


Challenge  Grant  funding.  On  August  15.  1992,  the  Title  I 
package  (in  flve  volumes:  technical  systems,  civil 
construction,  technical  components  cost  estimates,  civil  cost 
estimates,  and  an  enmgy  conservattoo  rqxirt)  was  submitted 
to  DOE.  After  revtow,  this  material  was  accepted  and  in 
September  1992  the  Acquisition  Executive  ^iproved  KD-2 
(develop  civil  and  technical  Title  II  -  i.e.  1^  packages  •  for  the 
entire  prokct)  ami  a  limited  KD-3  (start  project  construction) 
which  was  further  augmented  (but  is  still  limited)  in  Ainil 
1993.  As  a  result,  almost  all  of  the  available  I^I 
appropriations  are  now  under  contract;  the  exception  being 
that  to  date  no  annual  conlingeitoy  funding  has  bm  required 
or  requested.  As  soon  as  the  planned  FY93  bidding  activity  is 
complete,  some  of  the  contingency  may  be  requested  for 
sch^ule  advancement.  It  will  also  be  necessary  to  have  an 
'unlimited'  KD-3. 

Under  the  authority  of  the  Acquisition  Executive, 
.several  major  contracts  have  been  awarded.  A  flxed-price 
contract  ($S.6M)  has  been  signed  with  the  architectural  and 
engineering  fum  Ruor  Daniel  for  the  deliv^  of  all  the  civil 
Title  II  by  April  1994.  The  point  of  closet  approach  of  the 
FMI  to  the  Tevatron  (near  langrocy)  is  known  as  Ml-tiO  in  the 
FMI  lattice.  This  is  the  location  of  the  FMI  rf  straight  section. 
It  is  also,  above  ground,  the  location  of  the  largest  of  the  FMI 
service  buildings,  bousing  the  FMI  rf  and  power  supfriies  for 
one-sixth  of  the  FMI.  It  is  also  the  location  of  the  'dr^  hatch' 
and  a.ssociated  underground  labyrinth  for  FMI  component 
delivery.  Becau.se  of  its  proximity  to  the  existing  Tevatron, 
and  the  nece.ssity  to  operate  the  Tevatron  durir^  construction, 
it  is  a  complex  civil  consuuction  project  Significant  amounts 
of  sheet  piling  need  to  be  driven  in  a  line  parallel  to  the 
existing  'Tevatron  rf  straight  section  labeled  FO.  Radiation 
shielding  must  be  maintained.  The  structural  integrity  of  the 
Tevatron  enclosure  and  FO  buildings  must  be  maintained.  The 
pile  driving  must  not  disrupt  the  operation  of  the  Tevatron 
with  colliding  beam.  It  was  dedded  to  work  on  this 
complicated  project  first.  The  civil  work  was  divided,  after 
discussion,  into  two  pieces  (mostly  below  grade  and  mostly 
above  grade)  and  bkl  separately,  with  the  above  grade  work  to 
follow  the  labyrinth  construction.  Advantageous  bids,  below 
the  Title  I  and  Title  II  estimates,  were  obtained.  These  were 
for  approximately  $3.6M  for  the  below  grade  and  $2.SM  for 
the  above  grade  construction.  The  below  grade  construction 
began  in  March  1993,  and  by  the  first  week  of  May  1993 
q^Hoxiinately  one-third  of  the  sheet  piling  area  was  driven  to 
gr^  (of  an  expected  total  of  about  7,(X)0  square  meters  [1.75 
acres]  steel  surface).  Excavation  had  begun  to  the  level  of 
below  grade  bracing.  All  construction  at  the  MI-60  area 
should  be  complete  by  April  1994.  The  next  civil  package  to 
be  prepared  for  bids  is  for  site  preparations,  including  most  of 
the  underground  electrical  and  control  cable  conduit 
construction,  various  water  systems  around  the  FMI,  and 
provision  for  temporary  power  on  aerial  lines.  Also, 
construction  roads  for  access  for  enclosure  construction, 
located  over  the  utilities,  is  required.  This  bid  period  closes  at 
the  end  of  May,  with  award  and  construction  expected  to 
begin  in  June  1993.  In  FY94  coastniction  on  the  FMI  Ring 
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EBCkMnife,  in  a  c(HiMer>clcKicwisM:  (viewed  from  above) 
fiMMoo  CtoB  MI<60  should  commence,  contingent  upon 
AcqidsUoa  Executive  approval  and  funding. 

Abo.  consbtent  with  Acquisitkm  Executive  approvab 
received  in  April  1993,  contracts  for  the  first  production 
quantities  of  (h|xile  magnet  copper  ctiils  and  magnet  steel  will 
shortly  be  sign^.  U  b  iriready  known,  however,  that  as  in  the 
case  of  civil  contracts  to  (Me.  the  pricing  for  these  first 
tedmicai  component  contracts  is  very  favorable. 

Additioiial  accompUshmmits  of  the  pa.st  year  include 
the  ^ipioval  of  the  FMl  Preliminary  Safety  Analysis  Report 
(PSAR)  and  DOE  concurrence  with  the  classificalion  of  the 
facility  as  'Low  Hazard.'  A  Technical  Safely  Review 
Committee  concurred  with  the  PSAR  and  accompanying 
presentations.  As  recommended  by  the  Technical  Safety 
Review,  a  Civil  Safety  Implemcniatitm  Phm  was  written  and 
approved,  based  upon  the  Fermilab  Civil  Safety  PnKedure.s. 
As  suggested  by  the  Technical  Safety  Review  panel,  a 
document  to  aildress  the  iv  ’' -civil  construction  safety 
considerations  of  the  FMl  is  under  draft.  The  Project 
Management  Plan  was  approved  by  DOE  March  l.S.  1993. 
The  Configuratioo  Management  Pl^  and  a  Prefect  Control 
System  are  in  various  stages  of  draft  and  circulation  and 
review  with  DOE  Advanced  Procurement  Plans  were  written 
and  approved  for  the  FMl  dipoles  and  dipole  power  supplie.s, 
inclucling  the  procedures  for  using  Stnuce  Evaluation  Boards. 
A  FMl  Project  Specific  (^ality  Implementation  Plan  (SQIP) 
was  written,  and  ass(Kiated  SQIPs  for  various  support 
organizations  were  prepared.  These  are  under  review.  A  DOE 
audit  of  the  FMl  Project  Quality  As.surance  (QA)  plans  and 
procedures  was  held  in  late  April  1993. 

The  spetnlicalkins  for  the  FMl  were  prepared  by  the 
staff  of  the  Fmnilab  Accelerator  Division.  Based  upon  these 
specificatioas,  staff  from  the  Main  Injector  Department  and 
the  Accelerator  Physics  Department  of  the  Accelerator 
Divbion  have  done  a  large  amount  of  .simulation  (tracking)  to 
confirm  that  the  dipole  magnet  de.sign  and  lattice  design  are 
accqttable.  These  studies  have  included  confirmation  of  the 
injection  and  extraction  system  de.sign  .specifications,  .so  that 
technical  component  design  may  proceed.  Also,  staff  from 
these  departments  have  worked  to  ensure  that  a  variety  of 
fixed  target  physi<»  optiems  based  upon  research  with  protons 


originating  directly  from  the  FMl  will  be  avatM>le,  and  that 
technical  and  civil  designs  are  consistent  with  these 
requirements. 

The  project  .schedule  is,  at  present,  completely  funding 
limited.  An  example  of  tbb  statement  is  the  fact  t^  based 
upon  the  actual  commitment  of  over  $20M  for  civil  and 
technical  contracts  in  FY93  (using  funtb  from  FY92  and 
FY93)  the  blest  DOE/ER  review  of  the  FMl  pre^t  in  March 
1993  agreed  that  not  only  could  the  FMl  prefect  respoosiUy 
commit  $52M  as  prtqxtsed  in  the  DC£  works^ts  provided  m 
that  review;  the  review  committee  wrote  in  its  report  that  the 
FMl  could  easily  and  responsibly  commit  $7SM  in  FY94.  The 
President's  budget  request  shows  $25M  for  FY94,  which 
severely  limits  progress  towards  the  FMl  and  b  estimated  to 
add  about  13  months  to  the  schedule.  Unless  some  relief  of 
this  coastraint  is  obtained  project  conqiletion  could  extend  to 
ble  in  1998. 

FMl  project  management  is  very  encouraged  by  the 
progress  of  the  project  to  (ble.  Formal  groundb'eakmg  was 
held  on  March  22.  1993.  Progress  aa  all  civil  and  technical 
design  and  RAD  efforts  has  been  rapid  given  the  available 
funding  and  Acquisition  Executive  approval  rate.  Actual 
contracts  have  been  pbced  at  very  favoiabte  pricing.  The 
physics  priority  of  this  project  (second  only  to  the  SSC)  for 
the  national  program  has  been  repeatedly  endorsed.  These 
endorsements  are  found  in  the  HEPAP  subpanels  reports 
known  as  "Sculli”  and  "Witherell"  reports.  Project 
management  is  anxious  to  cixnplete  the  job  and  to  provkfe  the 
research  community  the  advantages  of  thb  excellent  research 
facility. 
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(ISQGoV  piQini  qractafoiroiO  10  ttdee  the  plaoe  of  ite 
cnmotMirfB  Rlfd  acoden^.  'Dew  Qdtwe”  environmental 
«Mi  nfiety  qjtMQtos  liave  been  addressed.  The  pqier  will 
dbtail  the  necessary  steits  that  wete  ******  in  order  to 

obtain  ne  pennhs  wWch  comrolied  the  start  of  constmetion. 
Qevkmsly  these  d^oid  <m  site-specific  circtunstances, 
however,  some,  stqis  are  universally  qiplicable.  In  the 
emaplr,  floodplains  anrt  wetlandg  were  affected  and  therefore 
the  Katimial  Environmental  Protection  Act  (NEPA) 
comphanoB  was  a  significant  issne.  The  important  feature  was 
to  lednce  the  lelev^  r^nlatkms  to  a  concise  set  of  easily 
imdecMaBdahle  reqaiiemeats  and  to  perform  die  work  retpiked 
in  order  to  procemi  with  the  acoeleraior  construction  in  a 
dmdy  CashioiL  The  effort  required  and  the  associated  time 
line  will  hq  presented  so  that  other  new  accderaior  proposals 
can  benefit  from  the  etqierience  gained  from  this  example. 

L  INTRODU  CTION 

The  pqierfl]  'Designing  High  Energy  Accelermors 
Ihider  DDEs  Culture"  for  Envkounent  and  Safety:  An 

P-Tampi*!,  the  Fennilab  ISO  GeV  Main  Injectw  l4otfm 
Syndurotron,"  given  at  the  1991  conference,  described  the 
NBPA  requiwmnits  that  wete  being  more  strhqgendy  aiflieted 
todnceEdumuy  1990wben  Admiral  WaddnsQlet)  Oe  new 
Secretary  of  Enc^  placed  into  effect  bis  "New  Cultm." 

In  1^  Feluu^  notice,  Watkins  reiimaied  how,  in 
fetmhighisinkiaiives,  T  found  that  many  of  die  Deparunent's 
activities  under  NEPA  had  been  carried  out  m  a  decentraUzed 
non-uniform  and  self-defeadng  manner.  1  also  state  my 
imoMion  to  become  persmudly  involved  in  NEPA  deciskm 
msidng  and  to  ensure  that  NEPA  actions  are  more  closely 
coordnaied  with  the  govemon  ot  the  states  wbidi  host  DOE 
facilities..." 

"bdeed,"  Watkins  continued,  "misskm  goals  are  best 
served  ^  early  and  adequate  NB*A  planning,  wbicb  avoids 
the  ddays  that  (dten  fidlow  lldi-hour  consideration  of  NEPA 
reqnireaaems,  die  resulting  fifUlme  to  comidy  folly  with  those 
rerpiitements  and  ultimately,  the  necessity  to  cure  NEPA- 
rdaied  defidencies  before  an  important  project  may  proceed, 
ff  die  Dqiaitnient  is  to  err  in  its  judgment  as  to  the  extent  to 
NEPA  R^w  required  of  new  prt^ts,  it  should  err  mi  the 
side  of  full  disclosure  and  complete  assessment  of 
envirarunentd  hiqiact" 
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The  NEPA  fegisladon  besides  setthig  forfo  a  national 
policy  for  the  oivircmineat.  established  the  Cmmcil  on 
Environmental  Quality  (CB(^.  The  CEQ  issued  Regulatinns 
for  Implementing  the  Piocedmal  Provistons  of  NEPA.  These 
rules  are  found  in  the  Code  of  Fedend  Regulations  (40  CFR 
Parts  1500-1508).  This  is  where  the  methodt^y  of 
Envirorunental  Inqiact  Statements  (EIS)  with  the  final  action 
a  Record  of  Decision  (R(X>)  was  established  Also,  the 
sinqiltf  process  of  an  Enviromnenid  Assessment  folhiwed  by 
a  Findfog  of  No  Significant  Impact  (FONSI)  or  a 
determination  diat  an  EIS  is  required  was  outlined. 

As  Waddns*  emphaslTed,  it  is  inqiortam  to  start  the 
NEPA  process  as  eariy  as  possible;  however,  it  is  obvious  dmt 
the  design  has  to  have  progressed  snfliciaidy  that  eaoagk 
infeumadon  is  avidlable  diat  eavkonmerttal  stupes  me 
feasfole.  In  the  case  of  die  Permihd)  Main  bjector  ffMI),  th» 
pomt  was  reached  b  the  foil  of  1989. 

The  FMI  will  be  a  150  GeV  accelerator  with  a 
drcumference  of  about  one-half  that  of  the  existing  Mam 
Ring.  The  FMI  would  be  situated  umgmu  to  the  Tevatron  at 
the  FO  straigb  section[2]  m  the  southwest  corner  of  the 
Fennilab  site.  The  Rdl  is  bemg  constructed  usbg  newly 
designed  (iron  and  copper)  dqxde  magnets. 

The  FMI,  whose  hxadon  Is  shown  b  Figure  1,  must 
serve  a  number  of  purposes.  It  must  fimetim  as  a  U- 
ditectional  bjector  bto  the  Tevatron.  This  means  it  most  be 
near  and  appraximately  tangent  to  the  Tevatran.  Secondly,  it 
must  receive  8  GeV  luotons  from  the  Boaster  and  8  &V 
antiprotoos  from  the  Antbroton  Source.  It  must  also  provide 
120  GeV  protons  to  the  andproton  target  Finally,  the  FMI 
must  provide  a  120  GeV  beam  to  die  present  Fennilab  fixed 
target  facility  hardware. 

The  principal  housbg  of  the  FMI  utilizes  bdow  grade 
enclosures.  The  1^1  tbg  enclosure  is  an  oval-shaped,  below 
grade  structure,  approximately  10,900'  long,  with  a  10*  wide 
by  8*  high  cross  section.  The  flow  of  the  miclosare  will  be 
level  and  at  m  elevadon  713'6"  above  sea  level.  18*  to  33* 
below  existing  grade.  Earth  shieldbg  berms  over  the  FMI 
enclosure  provide  the  required  21*  of  earth  equivalent 
shieldbg. 

Details  concerning  the  "Status  of  the  Fennilab  Mam 
bjector  Project"  VJ>.  Bogmt  et  al,  are  cemtained  b  p^ier 
G^2[3]  of  this  conference. 

n.  ENVIRONMENTALLY  SIGNIFICANT 
ACTIONS 

Beginning  in  April  1990,  $200,000  of  Illbois 
Challenge  Grant  funds  became  available  to  cmiduct 
environmental  studies  and  preliminary  design.  The  first 
activity  was  to  prepare  the  plication  for  the  jobt  permit  for 
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Figure  1.  Fermilab  Main  Injector  location.  Indian  Creek 
crosses  tbe  ring  at  several  points.  Approximately  100  acres  of 
wetland  is  adjacent  to  the  creek.  The  area  of  wetland  that  has 
been  permanently  flUed  is  six  acres. 

filling  at  the  wetlands  and  the  modification  of  the  floodplain 
of  Indian  Creek.  plication  was  submitted  in  SqMember 
1990. 

The  U.S.  Army  Corps  of  Engineers  (COE)  issued  the 
permit  for  filling  the  wetlands  on  June  26,  1991.  Special 
conditions  were  included  which  required  their  tqiproval  of 
construction  drawings  prior  to  initiating  construction. 

In  parallel,  an  En'^nmental  Assessment  (EA)  was 
prepared  which  required  several  drafts.  The  submission  to  the 
environmental  part  of  DOE  occurred  in  April  1991.  After 
publication  for  public  comment  the  EA  was  found  accqMable 
and  a  FONSI  was  issued  on  July  6,  1991.  Of  particular 
importance  to  the  FMI  Project  was  that  this  action  included 
the  finding  that  no  EIS  was  required.  If  this  had  not  been  tbe 
case,  tbe  EIS  process  would  have  added  an  estimated  1  1/2 
years  to  tbe  iMojea's  duration.  Illinois  provided  an  additional 
grant  oi  $2,000,000  in  the  spring  of  isi91  of  wbidi  $500,000 
was  qiedfied  for  environmental  efitxts. 

Using  the  above  plan,  the  funds  expended  for  tbe 
eaviroamental  effcvt  for  tte  FMI  is  estimated  to  be  $1,400,000 
since  Fermilab  has  matched  the  funds  of  tbe  State  of  Illinois  as 
requited  by  the  terms  ttf  the  Grant. 

Be^se  of  the  availability  of  Illinois  funds  it  was 
possible  to  hire  tbe  architect/eiigineering  firm  of  Fluor  Daniel 
who  prepared  construction  drawings  and  specifications  for  the 
wetk^floodplain  construction.  These  were  submitted  to  tbe 
COE  who  tq^Hoved  the  package  on  February  S,  1992,  and  on 
July  IS,  1992  the  COE  was  notified  in  accordance  with 
another  special  condition  that  construction  would  start  on  July 
22,1992. 

Tbe  Illinois  Department  of  Tran^rtation/Division  of 
Water  Resources  also  had  to  approve  the  work,  which 
induded  the  creation  of  22  acre-feet  of  floodwater  storage,  in 
the  floodplain  of  Indian  Creek.  Their  permit,  based  on  the 


Fluor  Daniel  drawings  and  specifications,  vras  issued  on  April 
3, 1992  so  that  this  was  in  hand  when  tbe  DC^  released  the 
funds  for  tbe  wetland/floodplain  construction  work. 

Due  to  favocaMe  weatiier  conditions  in  tbe  fall  of  1992. 
all  tbe  wetland/floot^ilain  work  was  ctunpleted  without 
incident  with  tbe  exception  of  planting  of  tbe  newly  cremed  8 
acres  of  wetland  area.  Spring  luting  is  now  underwqr  and  a 
five  year  monitoring  program  required  by  the  COE  is  being 
put  in  {dace. 

Tbe  great  Uue  herco  rookery  which  had  been  located  in 
the  anwoximate  center  of  the  new  ring,  was  abandoned  prior 
to  the  start  of  the  FMI  construction.  This  was  due  to  the 
presence  of  a  red-tailed  hawk  which  decided  to  nest  in  tbe 
same  tree  and  drove  oft  the  herons  as  they  arrived.  Ihe  herons 
took  advantage  ttf  an  alternate  site  in  tbe  center  at  tbe  existing 
accelerator  ring  where  tbe  trees  bad  reached  a  height  suitatrie 
for  heron  nests  and  have  not  returned  to  the  old  site  in 
subsequent  seasons. 

Another  important  event  occurred  on  October  1,  1992 
when  a  new  provision  of  the  "Clean  Water  Act"  was  b^gbt 
into  enforcement.  The  Illinois  Environmental  Protection 
Agency  (lEPA)  took  on  the  task  of  enftMcing  the  requiremeiit 
for  permits  for  stormwater  discharges  associated  with 
construction  activities  in  the  State  of  Illinois.  Since  the  FMI 
was  under  construction  at  that  time  a  National  Pollutant 
Discharge  Elimination  System  (NFDES)  stormwater  discharge 
permit  was  required.  The  procedure  adofUed  by  lEPA  was  ^ 
they  issued  a  general  permit  on  October  20, 1992.  Fermilab  on 
September  24,  1992  based  on  an  earlier  draft  issued  a  Notice 
of  Intent  (NOO  to  qualify  under  tbe  Illinois  gmieral  periniL 

Requirements  include  that  Fermild)  must  have  on  file  a 
Slormwaier  Pnlluticm  Protection  Plan  which  is  kept  up-to-date 
by  revisions  as  details  of  ctmslructicm  activities  become  firm. 
In  addition,  an  Environmental,  Safely  and  Health  Procedures 
for  Soil  Erosion  and  Sediment  Control  for  Construction 
Activities  was  prepared.  Of  interest  is  that  each  contractor 
signs  a  Certification  that  be  understands  tbe  terms  and 
conditions  of  the  NPDES  permit 

Figure  2  shows  an  air  view  of  the  Fermilab  site  with  a 
white  oval  indicating  the  position  of  the  tunnel.  The  FMI 
construction  is  entirely  within  the  Fermilab  site  and,  with  the 
exception  of  the  wetlands  referred  to  in  the  above,  invttives 
previously  farmed,  almost  flat  areas. 
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figure  2.  Air  view  of  the  Fermilab  site  with  heavy  white  oval  indicating  the  location  of  the  new  accelerator  tunnel. 


[2]  The  Main  Ring  and  Tevatron  Accelerators  are  designed  section  are  labeled  AO,  BO . FO,  and  are  spaced 

with  six  straight  sections,  where  the  beam  travels  a  equally  around  the  ring, 

short  distance  in  a  straight  line,  alternative  with  six  arc 

sections  where  it  follows  the  path  of  a  circle  with  a  [3]  D.  Bogert  et  al,  "The  Status  of  the  Fermilab  Main 
radius  of  one  kilometer.  These  150-m  long  straight  Injector  Project",  paper  Gc22  of  this  conference. 
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Abstract 

two  different  coalescing  schemes  used  in  the  Fermilab 
Main  Ring  during  the  last  collider  run  are  compared  using 
the  ESME  [1]  simulation  program.  The  simulation  results 
are  compart  with  the  operational  data.  Finally,  possible 
improvements  are  suggested. 


Introduction 

Two  types  of  coalescing  are  being  used  in  the  Main  Ring 
during  this  collider  run.  The  first  is  the  traditional  type 
of  coalescing  which  was  used  before  [2],  and  the  second  is 
the  so  called  “SNAP”  coalescing  used  for  protons.  The 
voltage  wavrform  vs.  time  for  the  two  types  of  coalescing 
is  diown  in  Fig.l.  In  the  regular  type  of  coalescing  11-15 
h=1113  (53  Mhz)  bunches  are  accelerated  to  150  GeV  in 
the  Main  Ring  and  the  RF  voltage  is  adiabatic.ally  reduced 
by  parl^>hasing  to  a  low  value  (depending  on  the  be^n 
emittance)  until  the  beam  area  fills  the  rf  bucket.  Then 
the  bunches  are  coalesced  by  a  rotation  in  a  2.5  plus  5.0 
MBs  bucket  and  recaptured  in  a  53  MHz  bucket.  The 
whole  coalescing  process  in  this  case  takes  about  1  sec. 

In  SNAP  coalescing  the  paraphasing  has  been  re¬ 
placed  with  a  rotation.  The  53  MHz  voltage  is  suddenly 
reduced  to  30-50  kV  (depending  on  the  lieam  emittance) 
where  the  bucket  height  ecpials  the  beam  height.  Then  the 
beam  is  left  to  rotate  for  a  quarter  of  a  period  in  order  to 
achieve  the  minimum  AE.  Tlie  rest  of  the  coalescing  pro¬ 
cess  is  the  same  as  in  the  regular  coalescing.  The  SNAP 
coalescing  process  takes  about  200  msec. 


ESME  Comparison 

The  program  ESME  was  ii.se<|  to  compare  the  two  coa¬ 
lescing  schemes.  We  cousi<lere<|  11  biinclies  with  variable 
longitudinal  emittance  rotated  in  a  bucket  formed  by  20.0 
kV  of  2.5  MHz  and  4.12  kV  of  -5.0  MHz.  These  values  were 
chosen  bec.ause  they  are  the  iiuiximum  voltages  available. 

by  the  Uikiv^rNttif^N 

trart  with  the  U.  S.  DepArtiiieiit  of  Energy 
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Figure  1 :  VuUagt  vs  iimr  for  Regular  and  SNAP  Coalesc¬ 
ing 


«BU  ii  MTunsai  a  -n.  nxmiKB  won 
'BMW'  onuTJismw  cnwwwn  wm  m 

noobw  tm> 

nXEIi  CEti 

■tZRWQZ 

imauM 

ZEBU. 

(SV-MO) 

coAuscno 

AE 

AE  (IteV) 

AE  (liaV) 

man 

0.10 

4.60 

6.00 

2.60 

0.15 

6.70 

8.50 

4.00 

0.20 

8.60 

11.10 

5.30 

0.25 

10.70 

13.10 

6.60 

0.M 

12.90 

16.00 

7.90 

The  capture  voltage  used  was  tfOO  kV,  resiiltiiig  in  a  final 
lougitiidiiial  emittance  of  3.78  eV-sec.  It  turns  out  that 
even  in  regular  coalescing  where  the  53  MHz  rf  voltage  is 
re<luce<l  till  the  beam  fills  the  bucket,  the  maximum  bucket 
height  achieved  is  .still  larger  than  the  AE  of  a  rectangle 
with  base  eipial  to  the  .53  MHz  bucket  width  of  18.9  n.sec 
and  area  equal  to  the  beam  emittance.  In  SNAP  coalesc¬ 
ing,  tine  to  lion  linearities  in  the  rotation,  the  beam  does 
not  exteinl  to  the  eilges  of  the  bucket.  As  a  result,  the 
AE  after  the  rotation  is  larger  than  the  AE  in  the  regular 
coalescing.  Table  1  contains  the  9-5%  AE  of  the  beam  as 
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Figure  2:  Cafinrc  efltciency  vs  long.  etniUanct.  for  Regular 
“SNAP”  Coalescing  computed  bg  ESAfE 


Figure  3;  Fraction  of  bcain  captured  in  sattelites  v.t  Ioh~ 
gitndinal  cmiUance  for  Regular  and  “SNAP”  Coalescing 
computed  bg  ESME 


Figured:  Capture  effictencg  vs  long,  emittance  for  Regular 
Coalescing 
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Figure  5:  Capiun  efficiency  vs  long.  ennitana.  for 
~SNAP”  Coalescing 


Qpebational  Experience 


calculated  from  ESME  at  the  end  of  parapliasiiig  for  reg¬ 
ular  coalescing  and  at  the  end  of  the  53  MHz  rotation  for 
coalescing,  compared  at  different  heaiii  emittaiices. 
Also  shown  in  the  same  tahle  is  the  AE  for  the  e<puvalent 
rectangle.  As  shown  in  Talde  1,  tlie  paraphasing  in  regular 
coalescing  leads  to  a  l>lownp  in  the  lieani  eiiiittanre  of  a 
factor  of  1.6,  while  tlje  rotation  in  SNAP  coalescing  leatls 
to  a  blowup  of  about  2.0.  The  capture  efficiency  for  both 
coalescing  schemes  versu-s  long,  emittance  as  calcnlate<| 
by  ESME  is  plotted  in  Fig.  2.  As  expecte<|  the  efficiency 
varies  linearly  with  long,  emittance.  The  fraction  of  the 
beam  captured  in  the  two  nearest  .satt.elite  l)ncket.s  as  a 
function  of  the  longitudinal  emittance  for  the  two  coalesc¬ 
ing  schemes  is  plotted  in  Fig.  3. 


ESME  simulation  resnlt-s  were  compared  with  experi- 
meut  by  using  a  Main  Ring  cycle  with  low  intensity  (to 
avoid  emittance  blowup  at  transition)  and  using  an  injec¬ 
tion  phase  mismatch  to  vary  the  longitudinal  emittance. 
The  results  of  this  compari.son  are  plotted  in  Fig.  4  and 
Fig.  5.  From  these  figures  we  .see  that  the  experimen¬ 
tal  data  agree  fairly  well  with  the  ESME  simulation  pre¬ 
dictions.  The  data  also  show  that  the  capture  efficien¬ 
cies  achieved  with  regular  coalescing  are  about  10%  higher 
than  .SNAf*  coalescing  for  the  .same  emittance.  The  prob¬ 
lem  with  regular  coale.scing  is  that  at  higher  intensities  the 
bunches  become  unstnl>le  during  the  adiabatic  debunch- 
ing.  having  as  result  the  blowup  of  the  longitudinal  eniit- 
taiice  ami  the  eventual  deterioration  of  the  coalescing  ef¬ 
ficiency.  This  is  the  rea.soii  that  regular  coalescing  is  used 
only  for  the  low  intensity  aiitiprotons  while  SNAP  coa- 
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kwrim  i*  ^  protons.  During  colli«l«r  operations 
m  coriesee  1S>15  proton  bundles  with  typical  intensities 
of  2  X  10*”  ppb  and  emittances  of  0.28-0.30  eV-sec.  Tbe 
capliue  ^eiency  varies  lietween  54  %  for  15  bundles  to 
61  %  for  13  bunches  with  aliout  20  %  of  the  beam  ci4>- 
twed  in  tbe  two  neighboring  sattelites.  Typical  coalesced 
proton  bunches  have  intensities  of  130  —  150  x  10**  ppb, 
whUe  0  few  bunches  have  been  observed  with  165  x  lO’* 
ppb.  Hieae  values  agree  with  ESME  predictions  which  are 
58%  for  15  bunches  and  62%  for  13  bunches.  Antipro- 
toQS  have  a  parabolic  bunch  intensity  and  emittanre  pro¬ 
file,  i.e  the  intensity  and  emittance  is  larger  for  the  central 
bunches.  The  typical  longitudinal  emittance  of  the  central 
antiproton  bunches  is  0.23-0.25  eV-sec  and  the  coalescing 
efliciency  is  about  85-88%  in  agreement  with  the  E.SME 
values  of  89-92%.  Typical  coalesced  antiproton  intensities 
are  65  X  10“. 


Conclusion 

A  new  method  of  cxmlescing  r4illed  SNAP  has  been  siic- 
oesfoily  tried  in  the  Fermilab  Main  Ring  in  orrier  to  avoid 
the  instability  problems  ha|ipening  during  adiabatic  de- 
bunching  at  high  intensities.  In  the  future  we  plan  to  add 
a  second  harmonic  cavity  (10(>  MHz)  in  order  to  linearize 
the  rotation  in  the  53  MHz  hudcet.  Tliis  will  make  SNAP 
coalescing  as  efficient  as  regular  coalescing. 
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ABSTRACT 

During  the  last  year  the  Tevatron  Collider  has  been 
running  not  only  udth  two  new  low  beta  inserdoos  and 
decttoshdic  sepmibrs  to  keq>  the  protons  and  p-bars  from 
coOldiQg  anywhere  exoqx  where  desired,  but  also  with  a  new 
colliaiaior  system.  We  reprm  on  this  system,  including 
seosiiivity  of  halo  evolution  to  Tevatron  operating  point 


iNlRODUCnW 

In  a  previous  prgierl.  I  reported  on  the  design  for  the  halo 
scnper  system  to  be  used  in  die  present  Tevatron  Collider  run. 
In  t^  system,  eight  scrapers  are  available.  Because  (tf  the 
sqiarated  orbits,  protons  and  antUprotons  must  be  scnqied 
ind^ndendy.  There  are  scnqiers  for  both  vertical  and 
horizontal  planes.  For  every  primary  scraper,  there  is  a 
secoodwy  scr^ier  to  catch  partides  scattered  badt  out  of  the 
edge  of  the  primary  scraper.  This  design  has  not  been  required 
for  operations,  however.  Of  the  eight  scrapers  install^,  only 
four  are  normaUy  used.  The  design  provided  for  the  possibility 
of  using  the  scrtqiers  to  localize  beam  loss  away  from  the 
experiinaits  and  thus  use  scrrqiers  during  colliding  tutming  as 
diidds  for  the  experiments.  Just  as  in  the  1989  run  howev^, 
it  is  only  necessary  to  sarqie  away  the  initial  large  itmiaiiiirie 
halo  at  the  start  of  a  store,  and  then  withdraw  the  cdlimators 
about  three  beam  sigma.  If  the  machine  parameters  have  been 
set  to  keep  the  particle  betatron  tunes  well  away  from 
resonance  lines,  then  mice  the  large  betatron  amplitude  (halo) 
particles  have  been  scnqied  away,  the  background  loss  rates  at 
the  two  experiments  are  tolerable  for  them  •  2  to  10  kHz. 


Single  beam  extinguish  Data 

The  most  significant  change  from  the  1989  collider  run  fm 
the  scr^ier  system  is  the  seperated  orbits  of  the  proums  and 
and-^protons.  It  is  no  longer  normally  possible  to  scrape  the 
halo  of  both  beams  with  a  single  scraper.  The  single 
excqtdon  to  that  statement  is  any  beam  that  has  been  lost 
from  the  RF  bucket  and  is  losing  energy  by  sychrotron 
radiadon.  These  particles,  both  protons  and  anti-protons, 
graduaUy  drift  tow^  the  radial  inside  of  the  machine  and  can 
be  removed  by  a  single  scraper  at  a  high  dispersion  point 
Rgure  1  below  shows  the  effect  of  moving  the  primary  anti¬ 
proton  verdcle  collimatm  down  from  above  into  and  through 
the  anti-proton  beam.  The  anti-proton  intensity  signal  is 
somewhat  noisy,  but  can  be  seen  to  decrease  from  -40E9  to  0 
as  the  collimator  moves  from  right  to  left  from  about  40  mils 
to  rdXHit  -60  mils.  The  proton  signal  remains  at  about  350E9 
all  during  this  {wocess.  Finally,  just  below  -1(X)  mils,  the 
proton  signal  began  to  drop..This  is  con.sistent  with  the  flying 
wire  measure  of  the  beam  sigma  of  2.*i  to  30  mils  and  a  beam 
seperadon  of  about  5  sigma. 


Figure  1 


Effect  OF  Main  Ring  RAMiP 

It  is  fortunate  that  it  has  proved  not  necessary  to  use  die 
collimators  to  shield  the  experiments  from  lomes  diving  their 
data-taking,  since  the  Main  Ring  ramp  stray  field  has  a  large 
efifea  on  losses  and  reduces  the  efriciency  of  the  secondary 
ctriimator  to  clean  up  particles  scattered  from  the  primary. 
This  is  illustrated  in  Hgure  2. 


Figure  2 


(1)  S.M.Pruss.  "A  Design  for  a  Beam  Halo  Scraper  System  for  the 

Tevatron  Collider."  in  1991  IEEE  Particle  Accelerator 
Conference.  San  Francisco.  Calif..  May  1991.  pp,  2340- 
2341. 

(2) S.M.Pruss.C.Crawford.D.Finley  and  M. Harrison,  "Operational 

Experience  with  Using  Collimators  to  Remove  Halo  in  the 
Tevatron  Collider."  in  1989  IEEE  Particle  Accelerator 
Conference.  Chicago.  IL..  March  1989.  pp.  439-440. 
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Abstract 

This  paper  reports  on  the  reliability  of  the 
Fermilab  AntiprtAon  source  since  it  began  operation 
in  1985.  Reliably  ttie  complex  as  a  whole  as  well 
as  subsystem  performance  is  summarised.  Also 
discussed  is  the  trending  done  to  determine  causes  of 
significant  machine  downtime  and  actions  taken  to 
r^uce  the  inddence  of  failure.  Finally,  results  of  a 
study  to  detect  previously  unidentifi^  reliability 
limitati<ms  are  presented. 

I.  INTRODUCTION 

The  Fermilab  Antiproton  source  consists  of  two 
storage  rings,  the  Debuncher  and  Accumulator,  which 
operate  at  a  nominal  energy  of  8  GeV,  a  production 
target  station,  and  beam  lines  connecting  the  rings 
and  the  target  station  to  each  other  as  well  as  the 
Fermilab  Booster  and  Main  Ring.  During  the  current 
Tevatron  Collider  run,  the  source  has  achieved  an  all- 
time  peak  stacking  rate  of  4.54  XIO^^  pbars  per 
hour  and  a  record  peak  Accumulator  intensity  of 
1.61X10^^  antiprotons.  Typically,  2.7X10*^ 
antiprotons  are  produced  and  stacked  in  the 
Accumulator  based  on  a  flux  of  1.8X10^^  120  GeV 
protons  striking  the  production  target  every  stacking 
cyd& 

Since  its  first  operation  in  1985  the  Antiproton 
source  complex  has  provided  antiprotons  for  three 
Tevatron  Collider  runs.  During  fixed  target  periods  it 
has  served  the  needs  of  E760  studying  the 
spectroscopy  of  charmonium  states  produced  by  pp 
collisions  in  the  Acoimulator  [1]. 


Table  1 

FNAL  Pbar  Source  Operations  Histoiy 
for  Physics  Runs 


Dane 

DinuTiON 

(WBBES) 

PDEFoeBOTBim 

2  F«b..  1987 
to 

16  Mav.  1987 

14 

Tevatron  Collider 

4  Juty,  1988” 
to 

4  Juno.  1989 

48 

Tevatron  Collider 

1  July,  1991 
to 

20  Jbn..  1992 

30 

E760 

4  May.  1992 
to 

nrosont 

60  (to  date) 

Tevatron  Collider 

*  Work  supported  by  the  United  States  Department 
of  Enmgy  under  Continct  No.  DE-AC02-76CH03000. 


Table  1  lists  the  dates  and  duration  of  physics 
runs  of  the  Pbar  source.  Data  for  this  paper  is  lii^ted 
to  that  gathered  during  these  period.  The  time 
between  runs  has  been  spent  on  machine 
improvement  beam  studiM  or  shutdowns  for  system 
improvements  and  additions. 

n.  RELIABILITY 

Reliability  was  studied  in  three  ways:  by  means 
of  recorded  downtime,  a  Equipment  Failure  Report 
(EFR)  system  maintained  ty  Pbar  source  personnel, 
and  analysing  the  frequeny  and  reasons  behind 
losses  of  stacks  in  the  AceumtUator. 

A  Downtime 

Machine  downtime  is  recorded  by  en  applicaticms 
pn^ram  resident  on  the  Fermilab  Amlerator  controls 
consoles.  Main  Control  Room  operators  log  items  that 
cause  any  program  interruption.  Every  entry  provides 
the  identity  of  the  device  causing  the  downtime,  the 
subsystem  to  which  it  belongs,  the  duration  of  the 
interruption,  and  detail  of  the  problem.  Off-line 
analysis  capability  is  also  provided.  Table  2 
summarizes  recordra  Pbar  source  downtime  since  1 
February,  1987. 

The  1256.85  hours  of  recorded  downtime  is  7.6% 
of  the  total  accelerator  complex  dovmtime  during  the 
period.  The  two  mqjor  contributors  of  Antiproton 
source  downtime  are  the  antiproton  production  target 
station  and  beam  transport  line  power  supplies.  B^ 
deserve  further  mention. 

Antiprotons  produced  by  targeting  120  GeV 
protons  are  collected  by  the  Lithium  lens.  Failures  of 
this  device  account  for  246  of  the  300  recorded  hours 
that  the  target  station  was  not  operational.  There 
were  eleven  instances  where  repair  or  replacement  of 
a  lens/transformer  assembly  was  necessitated  by 
failures  of  the  cooling  water  channels  during  the 
1988-89  Collider  run.  This  period  was  the  worst  in 
terms  of  lens  problems.  During  those  48  weeks  of 
operation  an  average  of  nearly  3  hours  of  target 
station  downtime  was  accrued  per  week  of  source 
operation.  An  average  of  1.5  hours  per  week  is  the 
norm  for  the  run  in  progress.  Thanks  to 
improvements  in  lens/transformer  design  and 
manufacture,  the  lens  problems  of  1988-89  have  not 
been  repeated  [2]. 

The  second  leading  cause  of  target  station  down 
time  is  failures  of  the  pulsed  magnet  that  bends  8 
GeV  negatively  charged  particles  into  the  AP2  line. 
Whereas  five  pulsed  magnets  failed  between  April 
1987  and  October  of  1991,  there  has  yet  to  be  a 
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fidhm  lAnw  a  nuMpat  of  new  design  was  installed  in 
Jannaiy  1992.  Tue  new  magnet  is  a  single-turn, 
w^ereoded,  radiation  hard  device. 


TaUe  2 

Summary  rfFNAL  Fbar  Source  Downtime 


<mnua 

Tocsl 

HHKlJLiLlilll 

1.0 

Beam  hm  power 
soDDUae 

Sio 

Accumulator  power 
suDDUas 

55!43 

7.6 

9.7 

90.21 

7.2 

38.29 

3.0 

6.4 

26.41 

2.0 

Production  target 
station 

^.76 

mm 

1 

13.26 

1-1 

Cerraetion  alamants  and 
sumdiao 

3.16 

0.8 

1 ffmi 

168A1 

13.4 

1  Controls 

■EEEjUH 

2.6 

1  ■■■■■■■ 

1266.86 

100.0 

The  largest  single  contributor  to  beam  line  supply 
downtime  &>th  in  terms  of  hours  accumulated  and 
number  ai  occurrences  was  the  original  power  supply 
for  the  pulsed  extraction  septum  (Lambertson) 
magnets  from  the  Main  Ring  to  tfie  production  target 
This  device  accounted  for  over  a  quarter  of  the  total 
for  this  category.  In  the  summer  of  1988  the  power 
supply  was  replaced  by  that  of  a  different  design 
which  to  date  has  accumulated  only  16.8  hours  of 
downtime. 

More  recently,  overheating  magnets  in  the  AP2 
line  cormecting  Ae  target  station  to  the  Debuncher 
have  contributed  approximately  30  hours  of 
downtime  scattered  over  more  than  90  such 
incidents.  The  frequency  of  such  occurrences  has  been 
minimized  in  part  by  ramping  those  magnet  strings 
most  prone  to  overheating  ra&er  than  miming  them 
DC.  Plans  are  being  formulated  to  mitigate  such 
problems  in  the  future  by  flushing  out  the  entire  Fbar 
source  water  ^stem  and  adding  filtering  during  the 
upcoming  sdieduled  shut  down. 

B.  Eguipnunt  Failure  Rqitorts 

Another  reliability  indicator  is  Equipment  Failure 
Reports  (EFR's).  EFR's  are  written  reports  filled  out 
by  technicians  making  repairs  to  or  replacing  faulty 
components.  The  Pbar  EFR  system  in  its  current 
configuration  has  been  in  place  since  May  1990  [3]. 
EFR’s  are  filled  out  only  on  components  which  fail 


during  normal  operating  periods;  repairs  and 
replacements  made  during  extended  scheduled 
maintsnance  periods  are  not  so  documented.  Figure  1 
is  a  summary  of  EFR  data. 


120*  ..6000 
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Figure  1 

Summary  of  ^AL  Pbar  source 
Equipment  Failure  Reports 

In  general,  three  classes  of  power  stqiplies  are 
used  to  excite  Pbar  source  rings  and  beam  line 
magnets:  tiiose  with  output  less  thim  1  kW  for  dfoole 
correctors,  those  with  output  in  the  1  to  80  kW  range 
for  beam  transport  elements  and  ring  quadrvpoles 
and  sextupoles,  and  those  with  outyut  more  than  1 
MW  for  ring  ^poles  and  mqjor  beam  line  dipole 
strings.  Ihe  low  power  supplies  contribute  the  second 
leadb^  number  of  incidents,  yet  the  least  amount  of 
repair  time  because  these  supplies  are  more  oftm 
replaced  rather  than  repaired  in  the  field.  The  middle 
class  has  the  most  failures,  thou|fo  problems  usualty 
lie  with  instrumentation  or  metering  rather  than 
actual  internal  problems.  Devices  comprising  the 
third  dass,  while  having  the  fowest  failures,  gNieralfy 
take  the  longest  time  to  repair.  A  fourth  class  of 
devices,  shunts  for  fine  control  of  individual  elements 
in  series  strings  of  dipoles  or  quadrupoles,  have  their 
share  of  frulures  as  well. 

The  Accumulator  and  Debundier  each  contains 
three  radiofirequenty  systems.  DRFl,  the  Debundier 
63  MHz  bunch  rotation  and  debunclting  ^stem,  has 
generated  the  greatest  number  of  EFR's  in  the  RF 
system  eatery.  This  is  primarily  due  to  tiie  larger 
number  of  components  in  this  tystem  than  in  the  ^e 
others.  DRFl  is  comprised  of  ei^t  cavities  generating 
up  to  1  MV  each  while  the  five  other  RF  systems 
combined  total  six  cavities  generating  substantially 
less  voltage  with  a  lower  duty  factor. 

Traveling  Wave  Tube  (TWT)  power  supplies 
dominate  the  Stochastic  Cooling  generated  EFR's. 
Seventy-five  such  supplies  drive  Ae  final  stage  of 
amplification  of  the  stochastic  cooling  kickers  for  the 
nine  cooling  tystem  used  in  the  Antiproton  source.  No 
single  mode  (ff  failure  dominates  [4]. 

Microprocessor-based  scanners  for  the  beam  line 
Secondaiy  Emission  Monitor  (SEM)  grids  are  the  most 
troublesome  diagnostics  component.  Many  of  these 
devices  are  installed  in  the  beam  line  enclosures  and 
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««  MBflitiv*  to  the  radiation  found  in  those  areas. 
Some  scanners,  spedfiealty  those  in  the  120  GeV  line 
from  the  Main  to  the  target  stati<m  and  near  the 
niid<^  bends  in  the  iigection  and  extraction  lines, 
have  been  moved  to  the  quieter  environment  of 
adiaoent  service  toiildings.  The  rate  of  failrire  of 
devices  so  moved  has  dropped  significantly. 
Additkmal  scanners  will  be  moved  out  of  the  tunnels 
as  resources  permit 

CLLostStodto 

A  third  measure  of  reliability  is  the  frequency  of 
loss  Ot  particles  stored  in  the  Accumulator,  known 
colloquially  as  ‘dumping  a  stack'.  Figure  2 
summarises  the  Orequenty  and  reasons  for  dumped 
stadts  over  the  history  of  the  Pbar  source.  On 
average,  a  stack  is  dumped  once  per  two  weeks  of 
operation.  The  longest  sustained  stack  was  39.4 
days  achieved  during  November  and  December  of 
1988. 


1987  1988  1991  1992 

Year 


Figure  2 

Summary  of  Dumped  Stacks  1987  to  present 

Dumped  stack  data  from  1991  is  unique  in  that 
the  Accimulator  was  used  as  an  experimental  area 
for  E760.  A  typical  week  consisted  of  42  hours  of 
antiproton  sta^ng,  92  hours  of  data  taking  and 
time  for  experimental  set  iq)  and  scattered  downtime. 
Since  most  stores  required  decelerating  the 
antiproton  beam  to  an  energy  less  than  the 
accumulation  energy  of  8  GeV,  what  was  left  of  the 
static  at  the  end  of  a  store  was  dumped,  an  access 
made  necessary,  then  the  Accumulator  turned  back 
on  for  antiproton  statiung.  Fewer  component  failures 
were  encountered  due  to  less  stacking  time  per  week 
compared  to  Collider  operation  and  because 
unneeded  loads  were  tiimed  off  once  set  up  for  a  store 
wasb^un. 

Over  the  history  of  the  Pbar  source,  most  dumped 
statics  have  been  due  to  failure  of  a  component  in  the 
Dchuneher/Accumulator  tunnel.  Failure  of  a  pulsed 
septiim  or  kicker  magnet  module  was  the  culprit  in 
thirteen  of  the  twoity-nine  such  eases. 

Utility  glitches  or  outages  have  contributed 
twenty  instances.  Most  such  losses  are  traceable  to 
glitches  on  the  transmission  grid  of  the  electricity 
id^ty  supplying  Fermilab. 

Only  a  handful  of  dumped  stacks  can  be 
attributed  to  human  error. 


in.SUMlliARY 

The  Fermilab  Antiproton  source  has  been  in 
(^Mration  for  nearly  seven  yemrs.  As  a  whole,  it  has 
proved  to  be  a  reasenabty  reliable  complex.  The  best 
measure  of  stand-alone  up  time  has  come  during 
periods  of  running  for  E760  when  80%  of  the  time 
was  accounted  for  either  by  antiproton  8tachin|'  or 
data  taking.  Such  a  measurement  for  Collider 
operation  is  complicated  by  set  iq)  time  for  antiprotim 
transfers  to  the  Main  Rins/Tevatrcm  and  a  generally 
greater  reliance  on  the  other  machines  in  the 
Fermilab  complex.  There  has  been  an  average  of  91 
stadking  hours  per  week  during  the  presmit  Collider 
run  whidi  compares  frivorably  rtith  past  iqwratum. 

An  analysis  of  the  data  has  yielded  no  surprises 
as  far  as  uncovering  previously  undetected  reliability 
limitations. 

Known  unreliable  components  are  r^laced  or 
upgraded  as  resources  permit.  Ntrtable  changes  to 
date  include  replacement  of  the  power  supply 
energising  the  pulsed  extraction  septa  from  the  Mtdn 
Ring  to  the  target  station,  improved  design  and 
manufacture  of  Lithium  lenses,  a  target  station 
pulsed  magnet  of  better  design,  inqirovemmits  to  the 
design  of  pulsed  magnetic  septum  magnets,  more 
relitiile  capacitors  in  the  ki^er  magnet  modules, 
replacement  of  RG-220  coaxial  cable  for  the  kiticer 
magnet  systems  [6],  and  relocation  of  selected  SEM 
grid  scanners  from  the  beam  enclosures  to  service 
buildings. 
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Abstract 

The  TafvatKm  Collider  at  Ehtmilab  it  the  amld’s  hi^ 
ert  energy  hadbon  ooHider,  eoUidiagprotmu  with  axOipto- 
tom  at  a  eent«  «i  maaa  oiergy  of  1800  GeV.  At  pceaent 
•iz  pNton  bonchea  collide  with  aix  aiitilweton  bundiea  to 
generate  htmuiontiee  of  op  to  9  x  10^  em’‘*s~^.  It  k 
eatimated  that  to  teach  hnnmoaitiea  aignificaatly  greata 
than  10^  cm'’«~^  while  minimiting  the  num^  of  in¬ 
teractions  per  ctosring,  the  mimber  of  bundles  will  have 
to  be  inceased.  Thirty-siz  bondi  qpetatkm  hxAs  like  tlw 
most  ptomisliig  |dan.  This  paper  looks  at  the  strat^es 
to  increasing  the  aomber  of  particle  bunches,  the  new 
hardware  that  needs  to  be  dengned  and  dianges  to  the 
operating  mode  in  fflliag  the  Tbvatron.  An  interactive 
program  which  sunnlates  the  filling  the  Tevatron  col¬ 
lider  is  also  presented.  The  time  scale  to  multibunch 
opoaticm  and  progress  towards  runimig  greater  than  siz 
hondMS  is  ghraa  in  this  paper. 

I.  Introduction 

The  hmg  range  Fnmilab  program  requires  fully  capital¬ 
ising  cm  the  worid’s  hi^iest  energy  accelerator,  the  Tev»- 
tron,  thiou^iont  ^  decade  of  the  90’s.  Hie  program 
calls  to  increasing  the  collider  luminonty  with  each  suc- 
cesnve  run  until  peak  luminosities ci>  5  x  10**  em~^s~’ 
with  the  Mainlqiecto  and  integrated  luminosities  of  in 
ezcess  of  100  pk~*  per  run  ace  achieved,  effectively  dou- 
Uikg  tiie  mass  range  accesnble  to  discovery. 

The  present  ccdlider  operates  with  6  protim  and  6  an- 
tqnoton  bunches  cdliding  at  the  two  detectors,  CDF  and 
DO.  F<w  the  fnesent  ccwfiguration,  the  minimum  qpadng 
between  bundles  is  185  buckets.  Fw  the  present  typi¬ 
cal  initial  luminosity,  5  x  10’°em~’s~^,  tiie  numb«  of 
interactkms  in  the  detecUns  per  bunch  crossing  is  0.79 
(assuming  a  cross  section  of  45  mbams).  For  the  up¬ 
coming  collider  run,  the  typical  initial  luminosities  are 

^  Opotsted  by  the  Uahrecsities  Resesrdi  Aasodstioa  Jsc, 
under  coatrsct  with  the  U.S.  Depsrtmest  Energy 


eiqiected  to  exceed  1  x  lO^’em'^s'*.  Since  the  number 
oi  bunches  per  beam  will  ronatn  at  6  for  that  run,  the 
number  of  intoactions  per  croanng  will  exceed  1.57.  Cer¬ 
tain  tjrpes  of  physics  -  not  induding  the  discovery  of  the 
top  quark  -  are  dcme  more  efficiently  if  the  numba  of  in¬ 
teractkms  p«  crossing  is  k^t  well  below  one.  For  the 
subsequent  ccdlider  run,  the  typical  initial  luminonty  is 
expected  to  remain  near  1  x  10’‘cm~’s~*.  Howevo^,  the 
number  of  bundles  per  beam  will  be  increased  to  36,  in 
order  to  reduce  the  numbw  of  interactions  per  crossing 
to  0.26.  For  this  configuration,  the  minimum  qiackig  be¬ 
tween  bundles  will  be  21  buckets.  With  the  Main  Iqjector, 
the  typical  initial  luminosity  will  exceed  the  Fermilab  III 
goal  of  5  X  10"  em~’s~^,  and  the  numbw  of  interactions 
p«r  crossing  will  be  Ul,  again  exceeding  one.  If  neces¬ 
sary  to  the  types  of  phydcs  to  be  dime,  some  modest 
improvements  to  the  Antiptotim  Source  and  the  Tevatron 
am  provide  99  bunches  per  beam  with  7  bucket  qmdag. 
This  would  keep  the  numbor  of  interactions  per  crossiiig 
near  one  to  luminosities  of  1  x  10"  cm'*’#'*. 

II.  Tevatron  Injection 
Simulation 

An  interactive  X  Window  program  has  beoi  devd<q>ed 
to  modd  the  Tevatron  multibnnch  iqjectkm  process.  Ihe 
program  consists  of  three  windows.  The  first  win<kiw  is 
a  control  window  which  has  a  list  of  which  proton  and 
antiproton  buckets  are  filled,  a  display  of  the  number  of 
crossingB  at  the  two  experimental  areas  BO  and  DO,  and 
a  menu  bar.  In  the  mom  bar  there  are  controls  to  ipject 
a  single  bundi,  a  batch  of  bunches,  clear  bunches,  and 
RF  cog  bundles  for  both  protons  and  antiprotons.  Ihe 
kicker  rise  time,  flattop  time,  and  fidl  time  can  also  be 
adjusted  interactivdy.  Ihe  resulting  bunch  configuration 
can  -f.  saved  to  a  file  and  recalled  for  later  use.  Figure  1 
shows  the  omtrol  window  with  a  thirty-tix  bunch  bucket 
configuration. 

There  are  two  types  of  graphical  displays  provided.  The 
first  cme  is  a  smqwbot  of  the  Tevatron  at  the  moment  of 
time  when  proton  and  antiproton  buckets  number  one  are 
crosnng  FO  (the  RF  stnught  section).  The  inner  "hash” 
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Figure  1:  Bunch  Iiyection  Control  Window 


Figure  3:  Space-time  Diagram 


Figure  2:  Snapahot  in  Time  of  the  Tevatron 


Figure  4:  A  Time  Snapahot  for  99x99 


marks  represent  protons,  the  outer  "hash”  marks  repre¬ 
sent  antiprotons.  The  second  display  is  a  space-time  [1] 
diagram^the  Tevatrmi.  Space  (distance  around  the  ring) 
is  plotted  on  the  horisontal  axis  and  time  (in  number  of 
revolutions)  is  plotted  on  the  vertical  axis.  Protons  move 
diagonally  up  to  the  left,  the  antiprotons  to  the  right.  Fig¬ 
ure  2  is  a  time  snapdiot  of  a  36x36  configuration.  Figure 
3  is  a  space-time  diagram  for  the  same  configuration. 

The  program  was  used  to  simulate  loading  of  the  Teva¬ 
tron  unda  various  constraints.  One  construnt  is  that 
there  must  be  an  equal  number  of  crosnngs  at  both  exper¬ 
imental  areas  (BO  and  DO).  Another  important  constraint 
is  the  abort  giq>  length.  There  must  be  a  large  enough  gap 
for  the  abort  kicker  rise  time.  A  workable  configuration 
caUs  for  three  batches  of  protons  and  antiprotons  contain¬ 
ing  twelve  bunches  eadi.  The  three  batches  are  spaced 
evenly  around  the  ring.  The  protons  can  be  loaded  as 
three  batches  of  twelve  bunches  each.  The  bunches  within 
a  batch  ate  twenty-one  buckets  apart  or  376  nsec.  The 
antiproton  loading  scheme  will  be  to  load  four  bunches 
three  times  for  each  of  the  three  batches.  Under  this  sce¬ 
nario  a  kicker  with  a  rise  time  of  less  than  376  nsec  and 
a  flattop  of  at  least  1224  nsec  (four  antiproton  bunches 
twenty-one  buckets  ^art)  is  required.  A  kicker  meeting 
these  requirements  is  under  development. 

Some  a4justments  to  the  present  abort  kicker  timing 


will  have  to  be  made  for  36x36  operation.  At  present, 
the  abort  kicker  rise  time  to  full  voltage  is  4  /uec.  The 
present  abort  gap  is  3.5  fisec.  The  beam  can  be  ejected 
wboi  the  kicker  has  reached  75%  of  its  full  value.  With  36 
bunches,  the  abort  g^  shrinks  to  2.6  fuec.  Preliminary 
calculations  [2]  show  that  by  changing  the  ciq>acitance 
and  moving  the  beam  orbits  downward,  this  requirement 
can  be  met. 

In  the  ninety-nine  bunch  scenario,  the  required  antipro¬ 
ton  iqjection  kicker  rise  time  would  be  112  nsec  but  the 
abort  gap  would  be  larger  than  that  for  thirty-six  bunches. 
Figure  4  shows  a  time  snapshot  for  the  99x99  configura¬ 
tion. 
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OpMionil  EEpCfioMe  with  the  Tevatron  Collider  using  Sqiarated  Orbits 
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Fbnm  Nslioiial  Accelerator  PO  Box  SflO.  Batavia,  DIokhs  60510 


Ataract  n.  IMPACT  ON  THE  tevatron 

IMi  nMT  wll  dteen  the  of  Ac  TcvatfOB  for  the 

1992  collider  roe.  Operatka  aad  caouaiseiaoias  of 
•lacMMMlc  MfionMon,  aew  low  beta  •  aew  aboft 

lynaa.  Ibeddoeini  ecjuapoki,  wd  wbw  gBaaroi  of  ibe  coabud  Tbe  anaateeMat  of  elecirwtadc  aeparMon  chaeca  oiled  far 
qpMeaadibedtaciiaed.  veitiadaeiiaraiwio  be  pboed  where  ibeaniiiacaca  ebon  kicker 

aaed  to  reside.  Because  of  this,  a  aew  abort  systoa  was 
desigaed  aad  installed  eLsewbere  la  ibe  aooderaiar  (AO  suaicbt 
aectiao). 


L  INlRODUCTiON 

DiuiBf  the  1989  collider  roa  there  was  a  sia^  nu^ 
enwriareat  at  BO.  Six  proicai  boaches  aad  six  aaiprotao 
baacbes  traveled  oa  dre  saaie  cloned  orbit,  liviag  rise  to  12 
beatacroadafs  per  tarn.  The  beaea^reaaiiaBesbtfl  caused  the 
■aipreioae  to  fin  the  available  taae  space  of  .023  units  with 
peolna  jateariticr  of  80  E9givea  a  transverse  eadaspce  of  25 
*  mm  auad.  The  protoa  eauaittances  were  iaientioaally 
btoanr^qi  lo  this  level  to  allow  for  the  survival  of  the 
SBttproiMM.  Sqwtaiiaf  the  beans  everywhere  but  at  the  two 
baeraciioB  paints  tfows  a  factor  of  six  Mgher  proton  densities 
wbUe  the  beans  are  collidiiig.  Ibe  beams  are  separated 
cssBrywbere  at  htjectlorL 

Addai  a  seotaM  amior  ianraetkm  point  requited  die  addition  of 
eecoad  low  beta  hnertiati.  Ibe  irwertiaa  used  in  the  1989  run 
was  not  auacbed  10  the  laitioe.  so  two  identical  new  insertioos 
wetehanBed. 

TbMe  1  shows  tdevant  paraneters  to  conqiate  the  1989  ran 
wbb  the  foafa  for  collider  ran  lA 

1989  IranlA 

7.0E  10  1.2E  11 

2SE  10  3.6E  10 

25x  mm-nuad  16  x  nun-miad 
18xnin<mrad  lOxmm-mrad 

.025 _ .jOU _ 

.014 _ jg3 _ 

7!S~30  537E  30 

Table  1. 


Sqmatiag  the  beams  requires  that  the  particles  go  off  center 
thmgh  devices  with  nonlinear  fields.  This  gives  rise  to  a 
dUTerettial  tune  shift  of  the  two  beans.  To  rormamair  far 
this,  a  distribotioo  of  sextupoles  (faeddowa  sextupedes)  were 
installed  to  (Bflerentially  control  the  tunes  atul  coni^lg. 

Tbe  feeddown  sextupoles  were  installed  in  pahs  wUh  opposite 
polarity  to  leave  ite  chromaticity  unchanged.  The  entire 
system  consisted  of  46  sextupoles  of  which  38  were  already 
installed  in  the  Tevatnn.  8  spued  peces  needed  to  be  changed 
to  a  type  cnotahnng  skew  sextupoles.  28  power  supplies  were 
added  to  ran  the  feeddown  .system. 

Tbe  low  beta  iasertM:-«  .  called  for  special  quadrupoks  to  extend 
back  600  feet  into  the  arcs.  24  pieces  bad  to  be  replaced 
by  new  low  beta  spools.  Tbe  upstream  cociection  packages  in 
the  qmols,  consisting  of  a  steering  d^xde,  a  tune  tpndrapole. 
and  a  chromaticity  sextiqtole.  remained,  but  the  secondary 
correction  padcages  were  re|daoed  by  a  low  beta  quadrupole. 
Six  skew  quadnqxdes  and  a  single  octnpole  (ns^  only  for 
fixed  target)  were  only  active  elements  eliminated.  Inadditian 
to  the  :q)ool  iqdacemeni,  8  low  beta  quadnqx)les  were  removed 
bom  the  oh!  insertion  at  BO  and  10  new  quaibiq[»les  were 
installed  at  both  BO  and  DO. 


Tbe  process  of  patting  a  new  store  into  the  Tevatron  is  done  m 
numy  distinct  .sequences.  This  is  an  operatkmally  complex 
prooes.s,  so  much  of  the  Tevatron  conind  system  was  upgraded 
(1].  In  tbe  past,  the  fill  .sequence  was  baited  in  several  places 
to  reload  waveftxms  needed  for  the  next  step.  Tbe  Tevatron 
ftont  end  for  tbe  Cbmac  Ihik  mxl  the  control  constde  computers 
were  PDP-1  Is.  It  was  difficult  to  write  and  nudntain  the  large 
application  [wograms  needed  to  ran  tbe  collider.  To  solve 
tb^  problem.s.  a  new  wavefeum  generator  was  designed  to 
allow  all  the  nece.s.saty  wavefonns  to  be  preloaded  and  then 
triggered  on  event.  Tbe  amtrol  consoles  were  iqigraded  to 
*Opmlsd  by  the  Universitire  Resewch  Associstion.  Inc.,  under  ^AX  work  .stations  and  many  of  tbe  application 
eoarisGi  with  the  U.SOepwiiD«it  of  Energy.  were  written  to  take  advantage  of  these  upgrades.  TTiefioot 


2i)E10 
25x  mm-nuad 
ISxnufrorad 

m _ 

.014 _ 

16E30 


3.6E10 

16xirun-miad 

16xmm-mrad 

.011 _ 

.003 _ 

S37E30 


UTHB-iaos-i^stoRooe  1993  see 


3808 


QL IMPLEMENTTATION 


n  BMdlipfllCBBWf 


A,  S^amtors 


Tto  MBintf  dM|B  iqiiMiaB  or  tte  beaait  MS  5  inHsvene 
hem  s^mV.  TUs  commioiided  to  iteut  100  KV  for  aonie 
of  dB  JBiwwMor  aMdalM.  Ttae  was  a  praMeai  with  the 
f^yilod  apertore  Bear  tiB  aea^dbon  Aaap  cariy  in  the  fUB.  so 
the  qfSlBBi  was  initially  timied  on  to  60%  of  noaBinal 
■epanilicai.  IMssqMrathai  was  adequate  for  the  beginaing  of 
foe  ran  as  tie  antiprofoB.  lifetinie  was  several  ioun  at 
Ideninn,  As  the  pe^  jahmiritiei  increased,  the  antiproton 
ifolhne  began  to  anffer  daring  tie  kdeetkatfiontpoidL  The 
eepamors  were  eventually  tnmed  up  to  115%  of  their  design 
vriue  at  ISO  GEV  to  improve  lie  beani  Hfeiiines. 

lieprffomMBineoftheaepaiaioishasheeneKcdlem.  Thereia 
one  sepaonor  module  that  quuks  at  lower  a  voltage  when  in 
polarity  is  reverse,  liis  is  only  a  prnMem  when  attempihig 
to  nm  protons  on  the  antiptotoo  orMt  by  reversing  the 
aepnmior  pohuMes.  This  is  an  activity  durii^  studies  and  the 
pMbiem  is  handled  by  mcreasiag  the  vohage  on  one  electrode, 
and  decreasing  the  vcdiage  on  the  electrode  suscqptOde  to 
gMridng.  At  this  point  hr  tune,  only  one  separator  spark  has 
been  Qbaerved  dmiig  normal  aperatkio  and  h  had  little  irqiact 
OB  dK  quality  of  the  store. 


B.  Feeddown  Sextupoles 


lie  feeddown  sextiqxdoi  have  been  powered  at  kiw  energies 
where  tie  physical  sqMuatkm  Ls  large.  At  higher  energy,  the 
acami  sepmailon  becomes  smaller  and  the  differential  tune  shift 
is  small  enough  to  flt  inside  the  working  qmce.  These 
sextupoles  have  been  ai^usted  during  suxes  to  .study  the  effect 
OB  luminasiiy  lifetime  and  background  rates  but  they  normally 
nm  «  xero  current  dining  physics  iun.s.  Figure  I  shows  the 
where  in  tune  space  where  the  beams  actually  exist  with  both 
the  differential  tune  shift  (.0012  units  vertically)  and  the  tune 
iptead  caused  by  beam-beam  forces. 

Tie  horizontal  proton  tune  .sits  on  the  7/12  resonance,  but  this 
is  not  destructive  to  the  low  amplitude  particles.  Tlie  high 
anqditude  panicles  are  affected  by  this  'ligh  order  resonance, 
but  they  are  time  shifted  less  and  stay  below  the  re.s(mance. 
Tie  ai^proions  are  shifted  above  the  protons,  so  they  can 
reside  between  the  5/5  and  the  7/12  resonances.  The  vertical 


tunes  for  both  the  protons  and  andproimMi  flt  between  dm  7/12 
and  the  4/7  tesonances.  Details  of  beam  bram  hneractiBBi 
ernuad  this  workiBgBBce  can  be  found  in refarenceCT  Vdfe 
aaoentared  orbit  do«  not  go  ihro«rgh  foe  oenfer  of  these 
irvtupoier.  timing  foese  dtadis  wia  i  'we  foe  baw  tune  to 
rhtny.  The  naneial  ume  quadrqmti^  can  be  at|usted  in 
oonoert  with  foe  feeddown  sextupoles,  but  same  foe  separated 
tunes  can  resufa  in  acceptable  ns**!—***  aad  background  rates, 
the  feaddowns  are  anmufly  brought  to  zero  darkqt  a  store. 


HoriaontriTUae 


liree  transverse  beam  sigma  shown  in  this  figure. 
FfotoniMetudty  I.2EI1  •  Ehiittance  20  sc  mm-mrad 
Amiprottm  imensiiy  5  ElO  •  Emiitanoe  16  x  nmnorad 
op/jpof.nX)l  al9t)IVGEV. 

figure  1 

C  Low  Beta  Imrrtions 


The  installation  of  the  new  low  beta  iruierts  brought  with  it 
new  quench  protection  systems  and  a  larger  burden  on  the 
cryogenic  system.  These  compiicatkms  have  been  mani^ed 
successfully.  It  has  been  found  however,  font  the  magnet  to 
magnet  variation  in  transfer  constants  have  introduced  beta 
errors  in  the  Tevatron  of  significant  magnitude  [5].  These 
emus  have  had  many  minor  impacts  on  the  operation  of  the 
collider.  One  adverse  elfect  is  that  the  maximum  luminous 
point  for  the  DO  experiment  is  not  in  the  center  of  their 
detector.  The  colli.sK«  piunt  cannot  be  moved  kutgitudiiudly 
to  maximize  the  interaction  rate  at  both  experiments 
simultaneously.  Trim  power  suiqilies  are  being  added  to 
quadrupoles  within  electrical  circuits  to  be  able  to  correct  ftx 
the  gradiem  emirs. 

The  de.sign  beta  *  for  collider  run  lA  is  1/2  meter.  The 
quadrupoles  and  power  stqiplies  will  allow  further  reductkm  of 
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lfil%  tM  tt«lipcfCOTlHwm^  A  Midi 


D.  AO  Abort  Sy$utm 


TiK  lov  dMM  qpilMi  bMided  M  AO  IM  ofMiied  wMi  inat 
Moosis.  TIk  syiim  wm  MfWftf  in  Mil  in  s 

ONflB  drills  Md  ID  dMe  ikeie  iMtt  tan  onfy  one  dM 

nrieri  a  store.  By  coi^isrison.  ita  oli  sbon  system  was 
renwnsible  fcr  emttnt  31  stores  in  rim  MB  ran  becanse  of 
kklKriireares.  DntiH  ita  early  weeks  of  m  lA.  ttare  were 
amny  (|neactas  of  tta  low  tem  <|Bailra|Wles  caused  by  beam 
tore  wtan  Ita  new  abaci  system  fired.  It  was  found  bowever 
tbat  iiris  was  not  caused  by  Ita  abort  system,  but  by  m  RF 
opentioa  done  in  the  Main  Ring  before  b^  was  bije^  into 
the  Tevaimn.  During  bunch  coalescing,  small  aaiountx  of 
beam  woidd  actually  be  enured  in  buckets  in  the  Tevatron 
abort  gap. 


£  Controls  Improvements 

The  new  waveform  generator  used  Iqf  the  caWder  is  a  Camac 
4dS  card  built  tai  bouse.  This  card  is  driven  by  dock  events 
and  are  loaded  asynchrannos  with  the  operatioo  of  the  enUider. 
The  465  sums  a  time  dependent  wavefocm  and  a  pair  of 
nmehmeparatneter  dependent  wavefeiins.  Iheopenniunaloade 
has  been  upgraded  several  times  wttb  only  a  chngeof  penms. 
The  flexibility  of  this  card  has  pniven  iisdf  ihraughoui  the 
ran. 

Three  major  application  prQgran»  were  wrkien  specriically  to 
control  the  upgraded  Tevatron  collider.  The  waveform 
generator  and  loader  Alls  all  of  the  465s  and  does  complex 
manfoolations  of  rainp  laMes  during  sqwcial  operaikNisId). 
The  orbit  smoothiag  program  was  written  to  take  care  of  all 
steering  dipole  caaectkms  needed.  This  program  has  worked 
very  successfully  to  globally  ontcci  the  Tevatnm  ortui.  The 
third  program  t^  was  written  was  the  Sequencer.  This  is 
used  to  orchestrate  the  operations  needed  ftv  oiUider  ttperaikm. 
Ihe  sequencer  was  written  so  die  user  can  interactively  change 
the  sequence  of  operations  performed,  but  .still  contain  emxigb 
structure  to  aflow  for  reliable  execution  of  the  fill  sequence. 
Each  of  these  three  programs  replaced  jmigrams  that  were 
hariied  by  the  oh!  CDMiids  hardware. 

IV.  CONCLUSIONS 


fUbshnrt  of  rim  gold  is  riK  proton  eminatac.  Idnmmmrad 
protom  have  been  achieved,  but  not  wMi  proton  Intensities  as 
high  m  shown  in  uMe  2. 

The  fanprovcmenis  in  Ita  contnris  system  permitted  the 
Tevatron  collider  to  be  turned  on  tvith  a  mMmom  of 
difflcaliy.  Improvements  in  the  other  accelerators  have 
alktwcd  higher  intensiiy  beams  to  be  hriected  iaio  the 
Tevatron.  The  Tevamm  upgrade  to  separamd  orbits  hm  made 
it  possible  to  turn  this  increased  uneasily  into  increased 
htmtaMsiiy. 


1  "  '  •] 

liijiiirrjxnai 

[KiinHHi 

liiAIJBHi 

1  IdnnmMurad  1 

1000  nb'1 

mm 

Total  integrated 
Lumimwitv 

Mr* 

Lmninosliv 

L5.57E30 

If  1  ■■ 
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The  upgrade  to  the  Tevrerou  has  iHowcd  the  coHidcf  to  operate 
at  Lumiuoniiics  above  the  goal.  Table  2  shows  the  goals  next 
to  the  actual  perfonnaace  of  the  acoekfator.  TheACHlEVED 
oohanu  are  Ita  best  done  dufiug  the  ran.  The  only  entry  that 


3810 
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A-hstract  This  defines  the  relation  between  /max  and  ri  for  a  given 

lattice,  t.  t.  frtv  and  the  momentum  aperture  ^  : 

I  review  the  demands  on  Fermilab  Antiproton  Accumula¬ 
tor  in  the  Main  Iiyector  era  and  show  that  a  major  upgrade 

of  the  stochastic  cooling  syst^ns  is  necessary.  The  main  /max*;  <  /rr« 

possibilities  for  the  design  of  the  new  lattice  are  outlined. 

Three  lattice  designs  are  presented  and  discussed.  FVom  this  we  conclude  that 


1  Introduction 


Presently,  the  Fermilab  Antiproton  Accumulator  accepts 
f<»  starking  3x10^  antiprotons  every  2.4  seconds.  With 
the  advent  of  Main  Iiyector,  the  number  of  antiprotons  in¬ 
jected  into  FSermilab  Antiprotcm  Accumulator  is  expected 
to  increase  about  three  times,  while  at  the  same  time  the 
period  between  irgections  diould  decrease  to  1.5  sec.  Since 
the  cooling  rate  is  proportional  to  the  bandwidth  the 
syaton  and  invetsdy  prr^rtional  to  the  number  of  parti¬ 
cles  in  the  beam,  this  will  inevitably  lead  to  slowing  down 
the  rate  at  which  the  antiproton  beam  is  cooled. 

Since  the  flux  increases,  while  the  energy  aperture  of 
the  Accumulator  does  not,  the  voltage  profile  of  the  ma- 


must  stay  the  same.  Here,  0  =  v/c,  A  =  In /max //mm,  T 
the  revolution  period,  W  the  bandwidth  of  the  stochastic 
cooling  system,  and  t)  the  momentum  compaction  factor 
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Among  these,  p,  A,  T  cannot  change.  If  is  to  in¬ 
crease,  Ed  will  remain  unchanged  if  W  and  i;  scale  such 
that  their  product  remains  constant.  This  can  be  .seen 
as  follows.  W  and  ?;  are  related  by  the  retpiirement  that 
Schottky  bands  not  overlap  in  the  (lassband  of  the  sys¬ 
tem.  The  width  of  n— th  Schottky  band  is  nAfrrv,  where 
the  width  of  the  highest  harmonic  in 

the  passband  is  fmaxV^-  must  be  smaller  than  the 
spacing  between  the  bands  /r,». 

'Operated  by  the  UiiiveniitieK  FteMearrIi  Awu>riati»ii,  Iiu'.  iiiuler 
mntract  with  tlie  U.S.  Dept,  of  Energy. 


^(1*;  =  const.  (2) 

Summarising,  if  the  stacking  rate  is  to  increase  by  a  factor 
X,  the  momentum  compaction  factor  t}  must  scale  as  ij/z. 
In  ccMre,  the  cooling  rate  is  prt^riional  to  t)  and  W  has 
to  scale  as  xW. 

Presently,  the  stack  tail  systems  use  the  1-2  GHs  band, 
while  the  core  whose  smaller  frequency  q>read  permits  the 
use  of  higher  bandwidth  uses  2-4  GHz.  There  is  also  a  4-8 
GHz  cote  momentiun  cooling  system.  An  upgrade  to  twice 
these  values  recpiires  decreasing  tj  to  half  the  present  value. 
yr  presently  has  the  value  5.43,  which  gives  i;  =  0.023. 
Since  only  the  al>solute  value  of  ?;  is  important,  we  have 
two  possible  values,  ±0.011.  The  solutions  are  yr  =  6.74 
for  positive  17  and  tt  =  00  for  negative  one.  The  latter 
value  would  lead  to  too  low  dispersion  for  the  purpose  of 
stochastic  cooling  and  will  not  be  considered  further. 
jT  is  determined  l>y  the  values  of  the  dispersion  function 
in  the  dipoles. 


_1_ 

7t 


^  Z)  <V7:>i0i, 

Hipolc'K 


(3) 


where  <  >,  is  the  average  dispersion  in  a  given  dipole 

and  0i  its  l)eud  angle.  From  tliis  expression  it  follows  that 
in  order  to  increase  jt  we  have  to  decrease  values  of  dis¬ 
persion  in  the  dipoles.  At  tiie  same  time,  dispersion  in 
the  straight  sections  where  tlie  picku|).s  and  the  kickers  are 
located  (high  and  low  dispersion,  respectively)  must  not 
change  significantly.  The  lattice  functioirs  of  one  sextant 
(half  of  the  superperio<l)  of  the  present  Accumulator  are 
shown  in  Fig.  1.  On  top  of  the  picture  is  a  .schematic 
representation  of  the  lattice,  with  the  height  of  the  boxes 
representing  the  field  gradient. 
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Wg.  1  TIm  pNoont  bttioo  fanctioM  ol  oae  oortMit  of  Um  Aociimu- 
lator. 


The  foUowing  table  beta  the  stochastic  cooling  systems 
in  the  Accumulator  with  their  present  and  future  band- 
widths. 


SYSTEM 

Present 

MI  era 

STAdK  TAIL  Ap 

1-2  GHz 

2-4  GHz 

STACK  TAIL  p 

1-2  GHs 

2-4  GHz 

CORE  Aft 

2—4  GHs 

4-8  GHz 

CORE/9 

4-8  GHs 

8-16  GHz 

COREAp 

4-8  GHi 

8-16  GHz 

TABLE  1  Bandwidths  of  stochastic  cooling  systems  in 
the  Accumulator. 


2  Options  For  New  Accumulator 
Lattice 

We  shall  consider  only  the  possibilities  which  retain  the 
geometry  of  the  present  Accumulator  lattice.  In  order  of 
increasing  complexity,  we  can 

1.  Change  only  the  quadrupole  gradients; 

2.  Change  the  gradients  and  allow  quadrupoles  to  move; 

3.  Add  new  focusing  elements  and  change  the  existing 
quadrupole  gradients. 

In  what  follows,  we  shall  examine  these  possibilities. 

3  Examples  of  Lattices 

1.  Change  only  the  quadrupole  gradients 
Here  one  uses  a  lattice  design  program  with  optimization 
capability  (here  MAD‘  was  used)  to  vary  the  fields  in  the 
quadrupoles  in  order  to  decrease  the  disi>ersioii  in  the  re¬ 
gion  of  large  dipoles,  subject  to  the  constraints  of 


(1)  maintaining  its  value  in  the  high-  and  low  dispernon 
sections, 

(2)  maintaining  the  values  of  beta  functions  within  reason¬ 
able  limits,  and 

(3)  keeping  the  beta  functions  in  low-beta  regioiu  as  small 
as  possible. 

Similar  investigation  was  done  by  G.  Dugan  in  1989^. 

lattice  obtained  in  this  way  is  shown  in  Fig.  2  together 
with  its  lattice  functions.  A  detailed  description  of  this  lat¬ 
tice  can  be  found  in  Ref.  3.  (Small  negative  dispersimi  in 
lero-dispersion  straight  section  was  added  to  counter  the 
small  residual  dispersion  of  the  lattice.) 


Fig.  2  Tlu!  lattice  functionii  of  oiie  sextant  vt  tlte  new  Accunailator 
lattice  obtained  by  varying  the  fnctuing  strength. 

The  lattice  has  excellent  properties  regarding  the  stochas¬ 
tic  cooling  needs  and  is  technically  simple  to  realize.  Fea¬ 
sibility  issues  are  discussed  in  detail  in  Ref.  3.  Possible 
disadvantage  of  this  kind  of  solution  might  be  a  deteri¬ 
oration  of  field  quality,  as  some  (piadrupoles  run  in  the 
saturation  region.  This  problem  motivated  the  following 
two  designs. 

2.  Change  the  gradients  and  allow  quadrupoles  to 
move 

The  problem  of  achieving  stronger  focusing  in  cer¬ 
tain  regions  of  the  machine  may  be  solved  by  moving 
<piadrupoles,  in  addition  to  changing  their  strength.  The 
resulting  lattice  together  with  its  lattice  functions  is  shown 
in  Fig.  3.  The  |>rolilem  of  the  fiehl  (piality  is  much  less 
.severe  than  in  the  previou.s  lattice. 

3.  Add  new  cpiadrupoles  and  vary  gradients 

Here  we  want  to  avoid  operating  in  the  saturation  regime 
altogether.  The  basic  requirement  is  thus  that  the  field  in 
the  large  rpiadrupoles  should  remain  at  its  present  value. 
The  additional  focusing  needed  to  obtain  higher  -fr  is  ol>- 
truned  by  adding  a  new  (piadrupole,  as  .seen  in  Fig.  4, 
where  the  lattice  is  shown.  There  is  no  change  in  the  po¬ 
sitions  of  the  lattic  e  elements  with  respect  to  the  present 
lattice. 


3812 


Mg.  3  Tlw  lattice  ftmcUoM  of  0— of  Ui«  new  AccmtmUfor 
lattice  obtained  by  «d>aiiging  poritime  of  quadnipolae  and  varying 
tbeir  focueing  atrength. 


Fig.  4  The  lattice  iunctiona  of  one  ■extant  of  the  new  Acciuiiula- 
tor  lattice  obtained  by  adding  one  new  quadrapole  and  varying  the 
fociiaing  atrengths  of  amall  quadnqioiea.  Tlie  large  quadrupoles  are 
not  changed. 


It  turns  out  that  one  new  thin  large  quadrupole  is  suffi¬ 
cient.  The  gradient  changes  in  existing  quadrupcdes  are 
small,  ther^Ne  thae  is  no  concern  about  the  field  quality. 
This  lattice  and  Uie  related  feasibility  issues  are  discussed 
in  detail  in  Ref.  4. 
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Stttdy  of  Betatron  Stochastic  Cooling  in  Fermilab 

Antiproton  Debuncher 

V.  Visnjic  and  M.  Hailing 
Fermi  National  A&ielerator  Laboratory 
Batavia,  IL  60510,  USA 


Abstract 

RflMilta  ate  ahown  of  calculations  and  ineasareinents  of  the 
eSsctiveness  of  the  betatton  stochastic  cotding  systems  in 
the  debunchet  ring  of  the  antiproton  source  at  Fermilab. 
This  qrstem  cods  each  batch  d  iiyected  antiprotons  from 
ca.  8  V  mmmrad  to  less  than  1  s*  nun  nuad  rmsemittance 
in  the  2.4  seconds  between  production  cycles.  The  conclu- 
sioas  concerning  future  improvements  ate  summarised. 


1  Introduction  and  Theory 

The  Fermilab  Antiproton  Debuncher  presently  accepts 
4x10^  antiprotons  every  2.4  seconds  and  inepates  them 
for  nation  into  the  Accumulator  for  stadring.  Besides 
the  RF  bunch  rotation,  the  stochastic  coding  (both  Ion- 
ptudinal  and  transverse)  of  Uie  antiproton  beam  is  the 
essential  part  of  this  process.  In  particdar,  the  task  of 
the  transverse  cooling  systems  is  to  decrease  the  betatron 
amplitudes  d  the  beam  by  about  an  order  of  magnitude 
during  these  2.4  seconds.  With  the  advent  of  the  Main 
Iitiector,  the  number  of  antiprotons  iigected  into  the  De¬ 
buncher  is  expected  to  increase  about  threefold,  while  the 
period  between  injections  should  decrease  to  1.5  sec.  Since 
the  cooling  rate  is  inversely  proportional  to  the  number  of 
particles  in  the  beam,  this  means  slower  cooling  rate  in 
addition  to  shorter  time  available  for  cooling.  It  will  thus 
be  necessary  to  upgrade  the  present  systems.  To  this  goal 
we  study  here  the  effectiveness  of  the  betatron  stochastic 
cooling  ^sterns  in  the  Debuncher. 

The  process  of  betatron  cooling  is  described  by  the  differ¬ 
ential  equation  (throughout  the  paper  emittance  is  to  be 
understood  as  the  r.m.s.  emittance) 

|  =  (1) 

where  W  is  the  amplifier  bandwidth,  N  is  iiuinl>er  of  par¬ 
ticles  in  the  beam,  g  is  the  system  gain,  M  is  the  mixing 
factor,  and  tth  is  a  quantity  with  the  dimension  of  emit.- 
taace  which  represents  the  thermal  noise  of  the  system. 
Due  to  the  rapid  cliange  of  emittance  during  the  cooling 

’Operated  by  the  Uiiiver^itieK  Reeeairb  Awtoriatiiiii,  Iiir.  under 
ccaitract  with  the  I.I.S.Dept.  uf  Energy. 


process  the  noise  term  ^  becomes  the  dominant  limiting 
factor  toward  the  end  of  the  cooling  cycle.  We  measure 
the  emittance  of  the  beam  2.3  seconds  after  the  injection, 
and  in  order  to  compare  the  measurement  results  with  the 
model  we  need  f  for  finite  times,  t.c.  we  have  to  stdve  the 
differential  e(|uation  (1).  This  can  be  done  analjrtically  and 
the  solution  is 


9 


2-gM 


t 


(2) 


where  t'  is  an  arbitrarily  chosen  time.  Actually,  because 
f(g,  0)  =  e(0,  t)  it  is  advantageous  to  choose  i*  s  0.  We  are 
interested  in  e  at  the  time  t  =  2.3  seconds  as  a  function 
of  gain.  In  the  Debuncher  W  :=  2  GHz  an^  =  4  x 
10^.  We  use  the  calculated  value  of  M  »  lU  and  leave 
ftb  to  be  determined  from  the  measurement.  Also,  since 
we  measure  c  as  a  function  of  power  rather  than  the  gain 
we  will  substitute  g  =  const,  x  ^/P  and  determine  the 
proportionality  constant  from  the  measurement. 


2  Measurement  Results 

We  measured  both  transverse  emittances  at  t  =  2.3  sec¬ 
onds  after  the  injection.  The  measurement  was  done  in 
the  following  way.  The  beam  was  injected  and  cooled  at  a 
given  power  for  2.3  seconds  at  which  moment  the  cooling 
was  turned  off.  By  moving  the  horizontal  (vertical)  scraper 
into  the  beam  and  observing  the  beam  current  on  the  log¬ 
arithmic.  plot  (for  increased  sensitivity),  the  closed  orbit 
position  Xfi  (yt))  was  determined.  Typical  plot  is  shown 
in  Fig.  I.  At  each  cooling  power  .setting  the  .scraper  was 
inovetl  in  and  at  the  same  time  the  beam  current  was  mon¬ 
itored.  For  the  Gaussian  beam  the  current  as  a  function 
of  the  .scraper  position  r,  is 

/(X.)  = /(oo)(l  -  c-*-/-'"), 

where  /(oo)  is  the  initial  beam  current  and  the  ampli¬ 
tude  fiinctinn  at  the  position  of  the  scraper.  The  typical 
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nwanu^  curve  /(x«)  is  shown  in  Fig.  2. 


Scraper  poiition  (mmj 

FIGURE  1  Determiiuitioti  of  the  cloned  orbit. 


FIGURE  2  Typical  measurement  of  the  beam  current  as  a  func¬ 
tion  of  the  scri^rer  position  (x,) 


FIGURE  3  The  measured  values  of  tlie  horisoutal  emittance  af¬ 
ter  2..3  s  of  cooling  for  various  values  of  horizontal  power.  Tlie  poirer 
in  the  vertical  system  was  1117  W.  Tlie  ciu^e  is  the  fit  of  Eri.  (2)  to 
the  data. 


FIGURE  4  The  measured  values  of  the  vertical  emittance  after 
2.3  s  of  cooling  for  various  values  of  vertical  power.  The  power  in  the 
horizontal  system  was  1250  W.  The  curve  is  the  fit  id  Eq.  (2)  to  the 
data. 

gain  we  obtain 

P( Watts)  =  4.44  X 


The  results  of  the  measurement  are  shown  in  Figs.  3  (hori¬ 
zontal)  and  4  (vertical).  In  each  measurement,  the  “other” 
power  was  kept  constant  throughout  the  measurement. 
We  fit  the  function  f(P)  at  f  =  2.3  s  to  the  data  points. 
The  best  fit  is  obtained  for 

=  72.2  v  mm  mrad 

for  the  horizontal  plane,  and 

f«/,  =  75.9  IT  mm  mrad 

for  the  vertical  plane.  For  the  relation  between  power  and 


Our  figures  for  ctii  higher  than  those  given  in  the  Design 
Report*  (r;  24  ic  mm  mrad)  and  those  measured  by  M. 
Church*  (w  36  k  mm  mrad). 

3  Debuncher  in  the  Main  Injector 
Era 

The  experimental  results  shown  in  Figs.  3  and  4  suggest 
that  presently  the  optimal  cooling  power  is  about  1100- 
1200  W  in  each  plane.  The  question  is  what  we  can  expert 
in  the  Main  Injector  era  with  three  times  more  antiprotons 
in  the  beam  and  the  repetition  rate  of  1.5  seconds.  The 
top  curve  in  Fig.  5  shows  the  theoretical  prediction  for 


3815 


the  hotiioBtal  emittoace  of  the  beam  coaristing  of  1.2  x 
10*  partidee  with  the  pceaent  cyatem.  The  optimal  power 
tiuna  out  to  be  9083  W  in  the  horiioatal  plane,  leading  to 
the  emittanee  1.2  w  mm  mrad,  to  be  compared  with  0.85 
V  mm  mrad  for  the  preaent  qratmn,  Fig.  3.  The  paaaibility 
<d’  running  at  auch  hi^  power  ia  due  to  the  fact  that  cta 
ia  inverady  proportional  to  the  number  of  particlea  N.  It 
ia  clear  that  the  preaent  ayatem  will  have  to  be  modified. 
Beaidea  increaaing  the  power  by  an  order  of  magnitude, 
we  mention  here  two  more  poaaibilities.  So  far  we  have 
conaideted  the  gain  to  be  conatant  in  time  and  thia  ia  how 
Uie  optimal  gain  waa  obtained  (both  in  this  paper  and  in 
the  real  machine).  The  optimal  gain,  however,  is  a  function 
of  the  emittanee. 


(3) 


and  changea  significantly  during  the  cooling  cycle,  becom- 
ing  smaller  as  the  beam  sise  decreases.  The  reason  for  this 
ia  that  an  increasing  fraction  of  the  power  goes  into  the 
noise  when  the  beam  emittanee  becomes  small.  By  shap- 
ing  the  gain  such  that  it  always  follows  the  optimal  curve, 
Eq.  (3)  we  can  achieve  optimization  throughout  the  cycle. 
By  replacing  the  constant  optimal  gain  by  the  gain  shaped 
according  to  Eq.  (3),  while  keeping  all  other  parameters 
of  the  system  unchanged,  the  final  emittanee  is  decreased 
by  25  %  to  0.9  r  mm  mrad. 

The  other  possibility  is  doubling  the  amplifier  bandwidth 
to  4-8  GHz.  This  increases  the  cooling  rate  and  decreases 
the  mixing  by  a  factor  of  two.  For  the  horizontal  emittanee 


as  a  function  of  cooling  power  (no  gain  draping)  fiw  theae 
values  of  parameters  we  obtain  the  bottom  curve  ia  Fig. 
5.  The  optimal  power  in  this  case  is  reduced  to  7333  W, 
while  the  final  emittanee  is  0.7  s  mm  mrad.  More  extendve 
study  of  various  options  for  the  Dehiincher  upgrade  will  be 
published  elsewhere.* 


FIGURE  5  Theoretical pradicUoiufnreiiurtiUicel.SaecaiM]« after 
iiUection  for  Debimdier  in  the  Main  buertnrera  (1.3  X 10^  partkleH). 
The  top  curve  is  for  the  present  cooling  system,  the  iMittom  one  fnr 
the  4-8  GHs  stochastic  cooling  system. 
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ABSTRACT: 

Extending  the  froMiers  of  experimental  high  energy 
physics  in  a  manner  diat  maximizes  diacovefy  potential 
requites  die  boikliag  aMelerators  of  ever  higher  particle 
energies  and  luminosities.  Both  hadron  and  e'*'e*  colliders 
have  hem  proposed  for  this  role.  Based  on  a  adf-consistent 
conqiutational  model,  this  paper  explores  the  features  of 
hadron  siqiercolliders  beyo^  the  S%.  The  application  of 
the  pvesendy  available  acceterator  technologies  embodied  in 
the  designs  of  the  LHC  and  SSC  to  an  ELOISATRON 
operating  at  100  TeV  pCT  beam  would  yield  a  collider  widi 
a  luminosity  of  10  ^  cm'^  s'^  Even  higher  energies  and 
luminosities  ate  clearly  possible.  The  pqier  concludes  with 
an  examination  of  the  ultimate  potential  of  synchrotron- 
based  odlidets  to  explore  FeV  energies. 

I.  (SNERAL  CONSmERATIONS 

The  continuity  search  for  understanding  the  nature  of 
mass  and  die  dynamical  princifries  underlying  the  physical 
universe  has  led  particle  physicists  to  explwe  phenomena 
at  the  energy  frontier  particle  interactions.  The  modem 
tools  for  the  experimental  explorations  are  colliders  with 
evo-  higher  beam  enogies  and  ever  higher  luminosities. 
Fig.  1  illustrates  the  perfmmance  trends  for  present  and 
future  hadron  collidets.  What  are  the  energy  dqiendences  of 
the  physics  and  techmdogy  that  d^ermine  these  trends? 


0.1  1  10  100  1000 
Energy  (TeV) 


Rgure  1.  Luminosity  goals  of  {uesent  and  future  hadron 
coOidets 

For  simplicity,  assume  that  both  beams  have  bunches  of 
equal  population,  Nb  with  a  spacing  Sg-  In  terms  of  the 


normalized  emittance,  Zo,  the  relativistic  factor  yand  the 
P-fencticMi  at  the  interaction  point,  the  luminosity  is 


In  eq.  (1)  I  is  the  average  current;  rp  is  the  classical  proton 
radius;  ^  is  the  tune  shift  The  Imninosity  rises  nabvally 
with  increasing  beam  energy  at  the  “price"  of  increased 
practical  difficulties  in  madiine  design.  The  difficulties  of 
increasing  the  luminomty  faster  than  linearly  widi  energy 
are  associated  with  increasiag  die  beam  carrem. 

In  analyzing  the  energy  and  luminosity  limits  of 
supemdlidm  one  looks  to  choose  N,  Sb,  fi*,  and  Zn  as  a 
function  of  energy,  E,  subject  to  fee  fcdlowing  design 
constraints:  1)  Doctor  limitations  -  electronics  cycling 
and  event  resolution;  2)  Beam  physics  -  tune  shifts,  beam 
lifetimes,  emittance  growth;  3)  Accelerator  techntdogy  - 
magnets,  fault  inodes  handling  of  synchrotron  radiat^, 
beamline  inqiedance,  radiation  damage  of  ooaqxmenls. 


n.  SYNOPSIS  OF  SELECTED  CONSTRAINTS 
Constraints  deriving  fiom  the  interaction  region  r^ect 
inoblems  of  event  residution  and  diallmiges  of  detector 
survival.  For  adequate  event  reconstruction,  one  ideally 
chooses  the  current  per  bunch  and  the  bunch  qiacing  so 
feat  the  mean  number  of  events  per  crossing,  (n),  is 
sufficiendy  low  that  the  luminous  region  contains  fewer 
dian  1  event/cm.  (n)  depends  on  E  via  the  inelastic  cross- 
section,  Oinei; 

(n)  =  (2) 

c 

FurtbemKMe,  cycling  of  the  data  acquirition  electronics 
requires  ^10  ns  between  crossings.  In  a  genoal  sense  die 
difficulties  of  dealing  with  the  radiation  fiom  the  collision 
point  are  most  simidy  exjvessed  by  the  power  in  charged 
particle  debris  si^);  namely. 


Pdebris  =  350W 


^!)l 


^inel  I 

90mb  1 


E 

20  TeV 


The  fundamental  beam-beam  effect  feat  limits 
luminosity  is  the  tune  shift  due  to  the  space  chnge  of  the 
ctdliding  beams.  Although  tune  shifts  as  hi^  as  0.06  have 
been  measured  in  e'^e'  colliders,  the  aqierience  wife  hadron 
beams  at  the  C^tN  S$pS  and  at  the  Tevatron  indicates 


0-7M3-1203-1/93S03.00  C 1993  IEEE 


3817 


ilM$  il»  wipiwm  lom  tne  aiifl  it  0uQ24  with 
iMMMlQB  poiHb>  TUt  obtHvMloB  Bi^N  wi^nt  tint  the 
l—ito^  cat  be  tiimiited  witti  •  tiofte  bigb 
iNilRiMily  bNenctloB  liMMomiety,  ibe  valiibty 
ef  tecb  at  etiwpwiaibwi  It  laiuwwii.  A  mote  oooMsrvttivc 

flpififfiiMi  l«  1%^  thit  laghnifwi  qf 

iniot  it<M>l  tad  Ihtt  lUot  a>0>024. 

SapwcoBMart  wfll  bate  to  cope  wttb  t  pbenomnioQ 
ttat  ht»  been  previootly  unhnfwittni  to  protoo  coUktet, 
ie^  Ibe  prodoeiiiMi  of  iiiiBate  s jacfaratton  rtditti^ 
vacaan  UV  lobanl  X-ny  ante.  Tbe  ctdiatioD  will  bett 
tbe  waBt  of  die  vacuum  cbtadwr  and  deioib  gas  from  ibe 
chamber.  Ibe  syncbroirao  ladiadfla  power  geaemed  per 
meier  (tf  bead,  is  peoporthmal  to  the  eaeigy  lost  per 

tiBB.  Uo.  to  tbe  bemn  caneat,  I,  tad  is  iaversely 
pnpQrdQoai  k>  the  radios  (tf  curvature  of  the  beads,  p; 

Vo  •  d.(»x  10'‘*GeV/lnm — 

p  (meters) 

As  the  rtdfaMhm  is  deposiied  oatt)  ibe  cold  wails  of  the 
vacuum  chamber,  the  beat  must  be  removed  with  a 
efBckacy  that  is  limbed  tqr  the  Carnot  efficiency  <tf  the 
compreaaom  wUdi  supply  the  cryogenic  codanL  To  limit 
operatfaig  power  to  pntctical  levels  the  SSC  design  limits 
^svBc  h>  0.13  W/m  on  die  magnet  bore  (at  4.2  **K).  The 
UK  deaipi  iaooqporaies  a  ladtadon  shield  at  20  **K  inside 
dm  vacuum  chaniber,  pennitiag  1  WAn.  For  siqioccdllder 
operation  at  the  highest  possible  energy  or  luminosity, 
flijrae  mux  be  allowed  to  eiceed  1  W/m.  To  limit  the 
power  oonsumed,  one  also  must  increase  dm  tenqxrature  (tf 
Ob  sudboe  on  wldch  the  radiation  is  dqwsited;  e.g.,  one 
might  operaie  dm  radiation  sUdd  to  70  "K.  Unfortunately, 
raising  Twmi  leads  to  serious  consequences  for  collider 
luminosity  due  to  tfad  transverse  resistive  wall  instability. 

Transverse  diqdacements  of  tbe  bean  from  dm 
cpaterfiim  of  dm  beam  damber  will  grow  due  to  the  finiiB 
OQodncdvity  of  the  waU,  Owall*  growth  dme  [1]  the 
hataUli^  in  a  beam  p^m  oi  radius,  b^  is 

1  ^  NBMrpPavetOoC  lm[(l-»-i)C]  rj, 

(2KOwai®o8v)‘«  Zttyb^  ’ 

Mis  dm  number  bunches,  Owall  is  tbe  conductivity  of 
tbe  inner  layer  d  tbe  beam  tu^  Cf>o  Om  revolution 
fiequency,  ^  is  dm  fiacdonal  tone,  v-n,  (use  0.1),  aid  C 
is  a  correction  for  dminnlti{de  metallic  layers  (equal  to 
2.87  *  2.871  for  SSC).  Tbe  reshhud  resistivity  ratio  (Rw) 
for  copper  friamd  onto  aodidess  steel  varies  as 

Ln(Ilw)-3*l 


where  Rivall  ^  to  h*  value  a  300  *K.  (1.6  x 

lO^ohmcm'l). 

As  the  redstive  wall  is  an  absolute  instaUlity,  its 
grewthcamot  be  Landau  damped  by  spreading  dm  betatron 


41.6r®:S^  +  0.24  T®-5? 


+  0.24  (6) 


frequrnrirn  ia  the  firrun  Hence,  controiUng  foe  Imtabiliiy 
will  require  dm  use  of  a  digital,  buncii4iy<boBCh  foeAncfc 
system.  The  limits  of  such  a  system  have  not  been 
established.  IfowBver,  many  expettt  coodder ‘^W  *  6  To 
to  represent  dm  limits  of  avaUdde  feedback  dectronics. 
Shnila  feedback  dectronics  «»"  also  contiol  emittance 
growth  doe  to  h^ecdon  errors,  conpied-boBCfa  modes,  and 
ground  vSnadoBs. 

At  energies  >10TeV,  for  wMch  o^iioos  rabaion  is 
generated,  maxhdziBg  the  inmiBosity  while  keepii^  Tgw 
»  To  piaoes  an  upper  Umk  on  dm  Twill  and  a  lower  hmit 
on  dm  verded  aperture  of  dm  dpoles.  Both  Twall  and  b  are 
bmedonsof  B^Hpoif.  The  consequences  of  the  constrdnts 
on  Twaii  mid  the  beam  pipe  radius  are  both  dm  operating 
costs  of  supptying  power  to  the  coaqiressors  and  tbe 
qyitd  cod  of  providing  for  a  large  magnetic  fiddvdume. 

Tbe  modeqmimive  sob-system  of  the  supeiodiider  is 
dm  magnetic  iranqwrL  In  evaluating  the  prospecre  for  a 
1(X)  TeV  ELN,  the  maximum  value  d  Bdjpoie  was  tdeen 
to  be  10  T.  For  the  longer  tern  future  values  as  high  as  IS 
T  were  considered.  In  that  a  13.5  T  dipole  is  presendy 
under  develofnnmit  at  LBL,  dm  assumption  ftx  dm  long 
term  is  not  jud  wishful  thhddng. 

m.  PARAMETER  STUDIES 

S^-consistent  characteristics  of  sqmreoUiders  d  the 
highed  energies  and  luminorities  are  ei^ored  mod  easily 
with  a  simide  computer  code  for  performing  paranmtm 
searches.  ELOSCALE  is  a  queadsbeet-format  design  code 
baaed  on  the  scaling  rdadons  described  ref.  [2].  The  hqwt 
variables  are  dm  injection  and  maximiim  beam  energies, 
the normdizedmnittaiice and  dm  bunch  qmcing.  Acritietd 
characteristic  is  dm  maximum  permissible  n™«*-  shift  per 
interaction  point  -  taken  to  be  0.01.  Tbe  inputs  descril^ 
tbe  storage  rings  are  as  ftdlows:  the  maximum  dqxde  field, 
and  dipole  firaction,  ami  dm  vertical  d^xde  aperture,  dm 
radiation  power  on  dm  wails  rend  dm  tmiqmiatore  d  the 
beam  tub^  the  number  of  interaction  points,  tbe  crossing 
angle,  dm  distance  fiom  dm  coUiskm  point  to  dm  sqmnn, 
the  scale  value  of  P*  at  20  TeV,  and  the  rf-system 
fiequeacy.  Tbe  injection  cham  consists  of  a  linac  and  four 
intemmrdate  boosters.  All  other  characteristics  of  tbe 
collider  and  dm  injector  chain  are  computed  in  the  code. 


Table  4.  Possible  sets  of  dumeterisdes  of  ELOISATRCM 


ELN34 

ELN35 

2ELN 

Circumference  (km) 

355 

355 

355 

BdipoteCT) 

7.7 

7.7 

13 

Maidmum  energy  (TeV) 

100 

100 

170 

Beam  current  (raA) 

jlOO 

400 

50 

Mains  power  (GW) 

12 

0.33 

0.33 

<Psync>(W/tn) 

5 

20 

20 

Oo^g  angle  (jirad) 

70 

120 

70 

Imeraction  legions  (R) 

2 

2 

2 

Time  shift  per  IR 

0.003 

0.01 

0.006 

Events/cm/crosting 

1.2 

9 

2.4 

Luminosity  ( cm*^s*^) 

1034 

1035 

1034 
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A  pmmetnr  explontioii  with  ELO^ALE  indicates 
aa  aptwach  to  cosstroct  a  100  TeV  proton  stqxicollider 
(ELN-34)  with  a  luminosity  >10  ^  cm*^  s'^  at  S^sync  *3 
W/ta  hy  using  the  same  technologies  that  are  being 
realized  for  the  LHC.  Raising  3*sync  to  20  W/m  yields 
10^  cm*^~^  (ELN-3S).  Paruneters  for  both  of  these  cases 
are  given  in  Table  4.  The  variation  of  the  luminosity  of 
ELN  with  iPsync  *"<1  operating  energy  are  shown  in  Fig.  2. 
Hg.  3  displays  two  examples  of  cost  and  operational 
souidvities  such  as  diose  d^ndmit  on  Bdipoie. 


Beam  energy  (TeV) 


Figure  2.  Itie  luminosity  ELN  as  a  function  of  beam 
energy  for  radiation  loads  from  20  -  100  W/m. 


Hgure  3.  Variation  of  dipole  aperture  and  luminosity 
lifetime  with  Bdjpoie  for  ELN3S. 


IV.  ULTIMATE  SUPERCOLLIDER 

For  the  long  term,  ELOSCALE  studies  suggest  the 
ultimate  potentid  of  conventional  storage  ring  technology 
in  tile  exploration  of  the  high  enogy  frontier  of  elementary 
particle  physics.  If  the  vacuum  chambo'  of  the  storage  ring 
tolerates  at  room  temperature,  then  one  could  construct  a 
hadron  collider  with  a  center  of  mass  energy  of  1  PCV  and  a 
luminosity  >  lO^^cm'^s'^.  With  a  circumference  twenty 
times  SSCs  and  consuming  ■>  2  GW  of  mains  power,  this 
proton  synchrotron  may  well  be  the  ultimate  supercollider. 

As  the  survival  of  detector  components  is  doubtful  at 
such  a  high  luminosity,  a  more  probable  scenario  for 
UELN  is  to  keep  the  luminosity  at  lO^^cm'^s'^.  In  that 
case  all  of  the  technical  sub-systems  are  much  closer  to  the 
present  state  of  technology.  In  particular  the  vacuum  sub¬ 
system  should  be  fairly  close  in  character  to  that  of  the 
ELN.  The  walls  could  be  kept  at  ISO  *K  to  limit  the 
power  to  the  compressors  to  SOO  MW.  Table  3  compares 
the  high  and  “low”  luminosity  options. 


TaUeS.  Two  posnble  sets  of  characteristics  of  an 
Ultimate  ELOISATR(R4  (UELN) 


CeiUer  of  nuos  energy 

1  PeV 

Circumfemtce  (km) 

1300 

1013 

®d4xrfe(T) 

8 

13.3 

Beim  enogy 

300  TeV 

Beam  current  (mA) 

800 

10 

Mains  power  (GW) 

2 

0.3 

(  PsyiK  )  (W/m) 

1400 

33 

Interaction  r^kms  (IR) 

2 

2 

Limiting  teclmlogy 

IR  survival 

MaiM^ment 

Tune  shift  per  IR 

0.01 

0.006 

Luminoaity  (cm*^  s*^) 

-10  36 

1034 

V.  CONCLUSICWS 

A  systematic  parameter  search  with  the  ELOSCALE 
code  shows  that  conventional  {xoton  synchrotrons  are  a 
suitable  technology  for  hadron  supercolliders  with  an 
energy  and  luminosity  much  higher  tiian  those  of  the  SSC. 
In  particular,  an  ELOISATRON  operating  at  100  TeV  per 
beam  with  a  luminosity  >10^  cm"2s**  (ELN-34)  could 
be  constructed  by  using  technologies  now  available. 
Assuming  moderate  advances  in  accelerator  technology 
during  its  design  ^cle,  one  could  expect  to  operate  ELN  at 
luminositres  «10^^  cm'^s**  at  100  TeV/beam  (ELN-35). 
Such  a  hadron  supercollider  based  on  conventional 
technology  would  have  the  {riiysics  reach  and  discovery 
potential  at  least  as  great  as  a  10  TeV  e''‘-e*  linear  coUido-, 
for  which  no  reasonable  design  concept  now  exists.  With 
fortiiCT  advances  in  a  few  key  technologies,  a  PeV  collider 
based  upon  conventional  proton  synchrotron  approaches 
would  be  technologically  possible. 

If  existing  technologies  are  extended  into  new  regimes 
(e.g.,  given  practical,  high  Tc  supoconductors  suitable  for 
nuignet  windings),  one  could  extend  the  luminosity  at  100 
TeV/beam  to  -10^ cm"2  s'^.  Such  a  siq)ercollider  would 
contain  >>>5(X),0(X)  bunches  with  associated  beam  crossing 
rates  ai^Moaching  1  GHz  yielding  several  tens  of  collisions 
per  crossing.  As  detectors  are  unlikely  to  accommodate  or 
even  survive  extremely  high  luminosities,  a  more  fruitful 
upgrade  of  a  100  TeV  class  collider  would  be  a  70%  enogy 
increase  in  the  existing  tunnel  (ELN-Up  in  Table  4). 
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loM  Aioommmtm  in  tlie  Synckrotront 
whk  CoBtiMit  RF  of  SloelrlGal  Ffdd 


If  O  lUU  D 

▼•••  OttOWf  MMm* 

D.V.  Bfemov  SdBKtlle  lUMUck  iMlittte 
flfiOtwpkyiJwl  AppuUu 
ItMSl,  it*FBlaBbug,  BimU 


imte  of 


fkia  ud  U|^  grown  imte  of  tk«  kadhg 


iipropBwi.  BiieHfiaio«*»ifiao<knlk&kNdbewhk 
U|k  kiBWNdo  Mrobtf  gi  Md  BF  voltiigo  V  ii  duigod  ooi 
nn  Bo  paitkki  kit  Ao  mv  loigMinrin  o^iUifar  om 
tkoftflowiigtia.  TkkwiirnqiiNitkoanlicMiniofBF 
■yoiwwpwwitegnokiik MoJerilkMiimto  lOOIIeV/m, 
roakii^  witk  tkt  ooiHtaat  kagroacy  •pproodmateljr 
wvroiltMofCnk 

L  AOCILBBATION  WITH 
CONSTANT  ET 

iMn  piotoM  ro  kM»y  Im*  Moakntoi  im  ayinrotrois  ^ 
to  ki^  —agha,  tkdk  ipiif  roii«  im  »«iit  nago  mak- 
iag  It  MOMHiy  to  dMaga  by  roronl  loU  tka  fraqiaaqr  of 
RlAroHafL  Bat  h  ia  aot  «a  aroy  taak  to  pokm  Gatw 
nb4k  KP<4iyateii»  provldlag  a  kl|^  late  of  aoedaratloa, 
^  to  100  JfaV/m  aad  c^aiatiag  at  aeoaataat  ftaqaaaey 
ofaboatMNialtaaaof  OHiaiaaaderdavalopiiMat.  Sack 
BBayatanai  aia  aapiKaad  to  ka  aiadt  feo  aaaaoplai  iatka 
piojact  VUVP  (1).  Hay  may  ba  aaad  aa  andl,  aad  we 
iataad  to  akow  it,  to  acealarata  protooB  aad  kaaey  ioaa 
fat  oomaaitioBal  •  protom  aymkxotaoaa.  We  maaa  aaotker 
altenatiea  aiatkod,  wkaa  BF  •  kwiaaBcy  may  be  ooB- 
ataat  ia  croa  tha  aoodenttoa  la  laaBaed  at  aki^  nnm 
pBdty  f » aad  BF-wiltate,  V,  ia  diaagwi  ao  tkat  eeaqr  cm 
qrda  Ba  paxtldaa  ftJI  adUda  a  aaw  aalgUKuiag  aapaiatdx. 

BaaOi^  a  gala  ia  tka  km  aamgy  witk  the  na^  Jf  a  aimy 
oaa  latan  affloaata  to 

dBm«Vgctm4 

aad,  haaoe,  tke  padod  of  Ha  latan  rodaoea  by  tka  valme 

adMiaww/niatkeftaqpMaqrofkmrotanwitktkava- 
kxHy  V,  JT  ia  Aa  aatophaaiBg  ftctor,  n  k  tka  aymekrotroa 
droaadknaoa  Ragaifiag  tkat  tkabamawitkia  oaa  retin 
akoald  eater  tka  aeiiAlmiiBg  a^antda:  AT  m  T^^/q  m 
1/fw,  wa  iad  tka  muc  weary  BP>teld  aottage  per  taxm 


1  9<B>  fic 

<B>  8  t  ”*  Dfo 


B  fdloani  frooa  Bqp.  (1)  aad  (3),  tkat  tka  awHipBcity 
t  of  tka  RP-iald  akoald  ba  Uik  emoaiA  fcr  the  V 

aad  growtk  lata  to  ba  tafkaimHy  laalkaHa.  Bat 

ia  thk  caae  tka  ewBi^  afam  of  na  a^aiatiiz  k  dacroamd 
aad,  kaaoa,  the  moiBaatam  qeead 


dP  .  3  /taad>~d.' 
p  ** 


(») 


win  ba  amaB  ia  the  beam  eaptand  iato  the  aceeieratina 
lagiiBa.  Thk  diflealty  may  be  aaoidad  by  oodlag  dowa 
tka  atoaad  beam  or  ialaetiag  tka  beam  kaidag  beam  oookd 
doava.  Batioa  (1),  (3),  (3)  in^oae  oertaim  reqaiiamaata  for 
tkaadecthmof^atrmetaroofmqmduetroariagakapad 
deetiaiiiagaat,  ia  partiealar,  it  cam  aot  ba  kockroaoaa, 
the  ooeAciaat  at  of  tka  orbit  axpaaaioai  aad  tlM  paiimo' 
ter  n  akoald  be  aa  large  aa  pooiibk  aad  apodal  otrai^ 
aaetioa  eaitabk  for  tka  daetroa  oooiiBg'daara  eyatam  to  ba 
anaaged  are  to  ba  provided. 

Aa  aa  caaaqde,  ceaaidar  a  eyaekzotroa  witk  a  dtcomF 
fereaoe  n  *  150m,  a  m  OA,  BUm  ■■  1*5T,  aooelaiatbig 
kaavy  ioaa  witk  A/F  m  3  from  W  m  50  if aV/s  mp  to  IF  w 
iBOeV/n  (t  m  4).  HwatkaparamatawoftkaBF-ayateiM 
win  be  tka  foOoidag;  tka  RF>aiiiplitada  varkw  dariag  ao> 
oelaratkm  qrde  from  9,7kV  to  OASifV,  (ooa^«  *  OJ), 
f  *  10*,  w  ■  03OHa,  “  WTf».  A  beam  wiA 

a  mofraeataiii  apread  of  {iPiP)mmm  d;i*0  •  10~*  k  amior 
taiaad  ia  tka  ayaekrotvoa.  Tka  etHetioa  {1|  of  batatroa 
oacfflatioa  atabOity  at  aki|^  maltipBcHy  f  k  eatktad. 

At  IF  H  34K7aV/»  fi  m  0.79  aad,  heaoe,  diealadoa  ftw 
qieacy  ckaagea  doiriy  witk  tka  iacteaaad  parlida  aaetgy 
The  aooelaratfoa  ap  to  kigkar  aaargiaB  k  laaeoaable  wHk 
ftaBdardIIF.atatioaat  alowf  witkia  aamanraageaffrw 
qoaacy  ckaagea.  Tkat  kwlqr,  the  acedaratioaaaetkod  pro- 
pooed  may  be  aaed  la  protoa  aad  haavy>ioa  rymnrotroea: 


1.  to  obtaia  a  praeticaUy  momoaaargetk  beam  witk  aa 
aaergy  of  eewerel  GeVfn  baackad  iato  q  boackae  with 
■ttiaII  dimaaefoae} 


It  d^aada  oa  the  aati^haaiBg  prc^artke  ot  a  eya- 
ckrotroa  aad  k  to  vary  wHk  a  ckaage  ia  the  ioa  aaergy. 


3.  to  pre.aooaletata  inotoaa  or  heavy  ioaa  from  a  low 
aaergy  to  aa  aaergy  ei  aaveral  0«*/%  at  a  ooaotaat 
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Ckrnm  *  tttiMwnff  >  pri  BoMdidi  QmlBUM 
mm^dbip  Nm*.  PNpriak  Wl-Tf^lt) 


te  Slonite  Riat  of  tlie  INR  Stofafa^Acodoniiliig  Ccmiiiles 

MJf,  aatehli  AX  Pi|mmIi«  UN.  f^wkw,  A.T.  liimk, 

AM.  HtfkMr.lN.  VkkMMkK  A.V.  Ikmadak 
hatititu  fcr  thcifair  BM>Mck 
most,  Kkv,  UkniM 

V.P.  Bdov,  AM  KapMdB>  VX.  KMfcftli.  AJf.  Kafathi,  AJL  Ifahuoir,  UG.  ifid Vigim, 
B.V.  BogJirtiWMfcn  YUP.  8twi^  LA.  ILN.  Iliiovik 

D.V.  Btaov  Sdestiie  B««uck  intitmte 
«f  BteCiopIjrNed  Appantu 
inm,  8t-Petaabug^  tbmU 


Ab^gmet 

11m  Stonfe*  A<sdbntiaf  CkMnpkx  ^C)  of  k«ury  loia  ia 
btaMdad  fer  tl«  iteirafi  of  kna  «p  to  Nmo*  tUr  aooaler^ 
tloo  ip  to  M  «Migy  of  aoo  IfeV/m  (A/Im3),  ud  pkyNod 
•apwiiiMit  OK  KK  iKlttmal  tufat  «itk  tka  alaetma  cooHag 
aa^  atKU^«M>|3!L  Tka axpaiiiiMiMa  eaa  be  parfomiai 
botk  «itk  manoar  aad  wide  baama  ok  tke  taigata.  Tbe 
atoradcuieKtiaaboKt  10*-10**  partldaa,tlMlK]Biaoalty 
ia  czpaelai  to  be  10*  -  10*a**^  .  aac***  the  ioK  beam 
INa'time  •  aevanl  teaa  of  aeocKida. 

L  THE  STEUCTURS  OF  THE 
COMPLEX  AND  ITS  MAIN 
PAEAMETEES 

The  Stoaiga-Aocafenliig  Conq^  of  heavy  h»8  at  the 
betitKta  Am  Nidear  Beaaaaeh  (lOev,  Ukraiae)  nrwnpriawi 
the  iaoduoaoaa  cydotieK  U>340  maad  aa  kk  Injector,  Uat 
booeter  aad  Btonga  ayachzotroK.  Two  atagaa  am  aatkl- 
patad  dor  the  SAC  de^pmeat  The  atnage  epaduotim 
ii  phuad  to  be  ooiBtnGted  ia  the  Siat  ataga  to  atom  aa 
iom  beam  iq>  to  Me  adth  tke  itP*otaddBg  aad  deetroa  oool> 
iagayatamiaadto  aoeakrate  ioaa  to  SOO  HeV/a  (A/avS) 
a^  to  q^eiata  Ml  to  the  iaaer  taiget  at  a  Goatfaeoia  dao* 
tioB  ooolhi^  b  tke  aaooad  ataga  a  maltitiia  mhaiffag 
ipjeetka  iato  the  atoiaga  ayaduotroa  from  U>340  adD  be 
faiptaneatad,  a  ftat  qrdiag  200  IfaV/a  (A/a^)  booater 
wUk  a  repetitkm  freqaeaiv  of  5  &  ariD  be  oraatncled 
aad  rqMated  aia^tiia  iaiecGoa  from  the  booater  to  tke 
atorage  ayachrotwa  will  be  leaKawd 
The  SAC  nE  make  it  poaeiUe  to  operate  eritk  latea. 
aive  beama  of  ladioaetive  aidei  aad  ioaa  ia  a  aide  laage 
of  maaaea  (  from  piotoa  to  aeam)  with  aa  caeigy  of  ap 
to  aOO  hleV/a  (A/i-2)  at  a  high  lamiaoaity.  Tke  SAC 
acheme  ia  dtowa  ia  FIg.1.  Ita  maia  panmeteia  are  ^vea 
ia  the  table  1. 

n.  EING  ELECTEOMAGNET  OF  THE 
STORAGE  SYNCHROTRON. 

It  compriaaa  two  aapetpeiioda  edtk  a  triplet  focialBg  aad 
iaeiadaa  ei|^  4f  beadiag  laagaeta,  30  qaadrapole  leaaee 


aad  •  aaftdaatly  loag  loetaagalar  aaetioaa  of  S  diflineKt 
typea  Too  of  them  with  a  aero  diapendoa  aad  fim^  m 
3—bmamiataadedtetheiaataBarioaefthedactioaeeel. 
iagayetem(C30)aadaoeaiawtioaatatioaa(yC).  Aaothar 
two  of  them  with  a  aero  diapeiaioa  aad  low  Awi  <  OAm 
are  daaiped  glacially  for  phyafcal  eiperimaata  oa  the  tar, 
get  Ifl.  The  beamia  feca^  oa  Ml  by  ten  tripleta  of  the 
qaadrapole  kaam  JDC  4^  The  anaagemeat  aad  paiaaa. 
etm  of  the  laaaaa  are  aalaetad  ao  that  their  awitehiag-oa 
ohaagaa  the  chaiaeteriatk  ibaethma  oaly  ia  the  aectioa, 
wkem  thqr  am  laetalled  The  raat  4  aeelieae  with  the  dle- 
peiaioa  dtjamat  from  aero  are  iateaded  to  peaiamphyaical 
eaperiaaeata  mi  the  target  U3(P  <  4Ba»  f  w  8m)  aad  to 
implemeat  3  diSbieat  typea  of  ii^}oetioa  iato  the  atorage 
ayaAiotioa,  Le.  aia|^  aad  anltitiia  ledMigiag  iaieethui 
from  U-S40  edtk  the  dectroacooiiag  aad  BFwtarhiag  lead 
aad  riai^teiaiideetioa  from  tke  booater.  El^aeatapole 
leaaee  are  laed  far  chxoiBatkity  ooneetioa. 

HL  INJECTION  AND  STORAGE. 

Aa  average  cineat  of  ioa  beaaaa  from  the  qrdotioa  U>M0 
variaa  from  OX  fiA  (Ne)  to  10  ^A  (P).  VEtk  the  BCBr 
aouoe  aaed  tke  ioa  header  tkaa  Xe  eaa  be  aeoalereted  ia 
cydotioa.  The  operariag  qrcie  of  the  atmage  qpachrotioa 
(edthoat  tke  booater)  ia  tke  fbUoedag: 

1.  the  aia^tuaiijectioa  of  Ui^t  demeat  Kicki  or  mil- 
titaia  rechaigiag  ideethm  (of  aboat  40  (lA  dirarioa) 
of  heavy  ioia; 

3.  RP-atacfciBg  (of  10-30  ma  daiatioa)  with  aa  iacieaae 
ia  tke  eaeigy  of  the  iajected  beamby  3XK  (aiade-tara 
i^)ectioa)  or  fay  1.3%  (maltitaia  leckargiag  ideetimi). 
The  RP-ataddag  ia  va^  to  dimiaate  the  cooled  beam 
traed  throvgh  be  iapat  kidber.iaagiiet  or  tke  atrip* 
piag  target  hl3  with,  reapectfvdy,  there  two  typea  of 
idectioa  vaed; 

8L  dectroB  oodiag  of  the  idected  beam  dariag  40- 
1400  ma; 

4.  atorage  toadthig  from  the  mdtiple  repetitioa  of  the 
opeiatioa  aocordiag  to  tke  above  poiata  1,  3,  3  (  da- 
larioa  of  vp  to  10  a  aad  mote); 
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Ifambar  of  betatroa  oaoflhtkaa 

AT00/&406 

lA/ijm 

Higaat  Md  kdaetloa,  T 

lA 

i.i 

Miaknm  amgaet  rigidity^  T>m 

A4 

4A 

llleeliea  eamgy  ftom  U.  J40,  hfev/a 
%ktiow 

JS-70 

U-  70 

C.  Ar 

S.  10 

s-  10 

Kr.Xe 

3 

3 

pmtoas 

030 

660 

ioae  with  A/bhJ 

300 

kaa  with  A/aiiS 

144 

04 

Vbeaam,  Tbtr 

lower  thaa  10~** 

io-» 

pMMifelmtkemeaimdnaBberof  <  10~’**1!btruid€Mr' 
ifm  Mkiewble  om  the  qrdolKa  U-M<L  Tlwt  k  wk|^  their 
rtorty  ie  poerfhk  oaly  trflk  the  booeler  laed.  Tie  total 
etonfe  tiiM  ia  thie  caee  aaoiati  to  46  ■  (Kr),  JO  i  (Xe). 
With  the  openthoa  ea  the  baer  tugrt  the  iea  Bik  tine  k 
detendaed  Bttialy  by  a  ria^  icatteibf  oa  the  taigrt  aad 
the  ■Uctroa  e^taie  by  the  taiget  atoBW,  M  the  anltipk 
pw  Bin  iie  eappraaiBd  by  the  electnMi  ooeBag.  Tleta^ 
get  thirhaeM  ■hoild  aot  eaoaed  J.6  •  10~^/4k  onT*  ao  ai 
to  ffompeaiate  eaergy  loeeea  ia  the  target  by  the  ■lactroa 
ooelfaf.  A  typical  Bktkae  of  heavy  keeeddi  a  plaai^am 
tuget  k  aboat  JO  a.  The  cooled  beam  with  a  maalaiani 
eaergy  km  aa  endttaaee  of  J.4v  aua«aand  fer  piotoae 
(N  » 10**)  aad  0  Jv  auga*auad  lor  He  h»s  (N  m  lo*)  aad 
a  riae  oa  ^  target  of  JA  mm  aad  0.6  lam  lar  P  aad  Ne 
loaa,  N^eetivelyi 

IV.  REFERENCES 

tl]  M.8.  Dkaariqr  at  J.  "Piedaiaye  aorntmehaoki  alahtwaaoio 

okhUahdmiya*.  Fnpdat  N  8641,  Htf  SO  AN  8S8R, 
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5.  acwkratka  aith  a  daratka  of  Itf 

6.  aphykcaleaipefiaiwt  (<»  10  a)  with  the  aleetioa  oooh 
kg  at  h^h  taeigyt 

7.  nepeiatfaa  of  a  aaw  qpde  efm  1  e. 

lb  eleie  kaa  la  the  atocege  qraehiotiea  the  m||jk> 
taia  isieetioa  k  lead.  ttkiaodMaalltoirieetthebeam 
iato  the  booater.  Theiajeettoa  efaeteewniletalyetripped 
ioae  with  A/s  «  S  -  i  k  hapiwneated  with  Oe  etiipj^ 
oa  the  BdL  The  beam  k  htjected  the  cloeed  oebit 
k  the  8448a»>auiiBet  aiaA  After  10-li  taiae  the  dk> 
taibaaea  k  iwaoead  fee  aboat  a  period  of  reeohittoa  aad 
Jactioa  oooHag  ayetam  k  ewftdbed  oa  (1).  The  beam  k 
nniiigwia  With  aapedal  RP.NMaa*or  wad,  ita  eavgy 
k  haeaaal  by  1.2%  aad  the  dooad  ortit  k  dkphoed  oat. 
waida  by  &7  cm.  Thea,  BP  k  rapidly  raaet,  the  oookd 
beam  kaaai  the  laaoaaaoe  with  the  RF-Md  aad  moma 
aleag  the  dl^laead  cubit,  whme  #  a  0.  The  k)oetioa  qr* 
dekrqpeatad. 

The  Bb  time  of  the  ioaa  heavier  thaa  He  k  1  eat  a 
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A  CompeDflated  Dispenlon-fkve  Long  Insertion  for  an  FFAG  Synchrotron' 

FUlipF.Meaik,Ji: 

7053  SUriey  Drive.  Odteid.  CA  94611-1631  USA 

Abstract 


Aa  1^0  cynclBoiioo  diflris  fiom  a  tynchracydottao 
by  heving  a  bme  ndial  field  gndkiit:  tUa  lame  giadieitt 
gieaC^  the  — vobaoe  whUe  »«<»«»«*■  «*■*>>* 

ortiiia  foe  ril  wwgiM.  bet  it  dow  nK«>««»i«i 

iwwlimfrkiftf,  A  afO,  tfaO  —**«*'  pfOpHffff  a 

dimenioii-fiee  inaertioii  for  an  FFAO  that  providet  v^ooa  at 
man  vrdnme  for  if  cavidea.  atrlppeck  and  bdectiaa  and 
extiactioo  etemeots,  aimilar  to  a  nannal  ayncfaroiiaB.^  Here 
weejqAAtinainaertMn  tp  provide  coinpengatioo  of  the  lower 
order  nonlinear  driving  fields,  thereby  gready  inaeasing  the 
dynamic  apertnre  as  compared  to  an  FRAG  whhont  inaerdoos. 
The  correction  fields  may  be  programmed  to  tjck  the 
momentum  or  may  be  sttdc.  providing  foU  compensation  at 
the  injection  energy. 

L  INTR<M)UCnON 

The  propoaed  Emopean  maUadoo  aomoe  leqniies  an 
aoedemtor  dm  can  deliver  5  MW  protoas  to  die  spanarion 
tarpt  in  a  short  pulse.  In  order  to  deliver  such  a  luge  beam 
power  with  acoqinfole  losses,  the  acedentor  should  be  dc  with 
a  high  iqieddon  me.  An  FPAO  synchratron  would  qipear  to 
be  an  Mhid  adittion.*  The  inherent  nonHnearities  of  an  PPAO 
(e.g.  <B>«c^X>')  overiy  Bmii  the  dynamic  apermre  for  this 
qtplication.  particnlariy  for  cooqiact  and  higher  energy 
marJunes  where  the  fi^  index,  k.  is  huge.  AH  esandd 
resonances  are  streaky  driven.  However;  if  die  FFAQ  were 
to  have  diqiersioii-Aee  insertions,  it  would  be  foasQde  to  idace 
a  mimber  ot  coriection  deirsnts  widdn  dieae  msertions  to 
^^fiiHifinai  the  Kmiting  lesooanoes.  This  would  gready 
inciease  die  dynamiciveitaie. 

One  of  the  very  nioe  features  ot  an  FFAO  is  die 
capability  of  stadnng  a  nimiber  ot  injected  pubes  to  ddiver 
the  beam  to  the  target  at  a  much  lower  rate  than  the  rqiriitioo 
rate  (ri  the  acederator.  A  proUem  with  staddag  at  soch  high 
ciments  b  the  devdopment  of  tafls  in  the  paidde  distiibatioa. 
These  tails,  ahhoogh  stable,  would  be  eiqiected  to  lead  to 
increased  activation  through  scattering.  ?^adiapersian-fiee 
insertion,  it  becomes  feasiUe  to  add  codmg  to  damp  these 

tMt« 

One  would  nonnally  eaqiect  the  coerecdon  magnms  to 
be  progrnmmed  to  follow  die  acederadon  cycte  On  the  absence 
of  a  staged  beam),  diereby  provufing  the  maximam  ^mamic 
aperture  duongbout  that  cy^  However,  the  ^rnamic  aperture 
needed  b  greatest  at  injection,  and  die  time  spent  at  dua 
energy  b  idadvdy  kmg,  pardcolarly  if  adiabatic  trapping  b 
emidoyed.  So  one  could  consider  static  conecdon  dements 


optimised  for  the  injection  energy.  As  the  energy  mcreases, 
tte  totd  tune  spstad  b  reduced,  and  the  amount  ot  lequired 
correction  b  also  lednced.  Hus  means  that  a  dc  cotiection 
nuqr  prove  to  be  entirdy  adequate. 

Should  a  dc  conrection  Mtiidy  withra  the  dispersian- 
foee  drift  not  be  adequate,  then  one  could  uae  the  drift  spaces 
immedialdy  mparffH  to  the  centtal  dmerbon-fiee  drift  ^mce. 
In  these  drift  qnces.  there  b  dispersion,  but  the  overall  width 
of  the  beam  b  still  relatively  sm^  Mnltfoob  magnets  placed 
in  these  drift  qpacea  with  small,  but  not  zero  dispersion,  will 
result  m  a  cometion  that  changes  with  momentun. 

n.  THE  FFAG  DISFERSION-FREE  INSERTION 

The  exanqde  shown  m  the  1983  paper  on  the  insertion 
for  an  FFAG  b  very  symmetiicaL  The  central  diapenion-fiee 
drift  space  b  twice  as  long  as  die  drift  qmces  at  either  end. 
As  b  the  case  with  x-2u  insertion  fiar  nor^  synchrotrons,  it 
b  poasiUe  to  dbtiibate  the  totd  (hift  space  as  desired.’  For 
exsnqile,  it  b  possible  to  plaoe  all  (rf  the  drift  qmce,  except 
what  b  needed  between  magnets,  in  die  cenimi  diqwnion-ftee 
portion.  As  we  approach  soch  a  configuration,  we  are  forced 
to  increase  the  foensing  strengths,  and  die  anqdtnde  functions 
vary  more  wildly,  makmg  k  difficult  to  match  the  msertion  to 
foe  lenuunder  of  foe  FFAO.  An  example  of  such  an 
asymmetib  insertion  using  rectangular  beading  magnets  b 
sh^inRg.  1,  where  the  Coarant  and  Snyder  beta  fanctions 
and  die  diversion  are  shown  for  one  half  (ri  the  inseitian. 


Cost  considerations  will  suidy  limit  the  numbre  cX 
insertions  to  foiee  or  so,  and  thus  the  periodicity  will  be  low. 
Thb  b  acceptabte  because  of  die  conqieasatian.  My  first 


’Sqipocted  in  part  by  the  Foraclmngsreninnn  Jlllich  (KFA),  Oermany 
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maim 


M  tyio 
to  ykida 


di.  add  dto  HMyQ  Z 

hWMlQBtedMH- 

fltoPHflOiaftoitoi 

widi  a  totol  of  IS 

ivkkkkummrU 

■Wtowooldbetoa 


waich  it  bjr  ao 


aad  kaowtaf  dtot  a«  IwvB  tha  ooatoeatoiiia  avaOaUe  ia  tte 
toMtoato  dtoto  data  aot  aocai  to  baaagF  mm  to  Imp  dn 
HPAOpwdBaofdtowiacltoiaattf.  Afkariiaiartwoiddbeto 
aw  fhe  lajaiaatoi  aaadMr  of  oMiaaii  to  addeve  dw  Uawr 
floCadooit  iaciadiad  dia  aa^abad  aaf  boad^  ^pocttaa 


of  dw  ioMdM  over  te  wdn  aaoiy  natB  tarn  itMecdoa  1 


optoniaed.  it  toowa  ii  Hf. 


m.  DESIGN  APPROACHES 

The  tat  appnadi  tried  adth  the  three-iaagnet 
syauaetric  laitioe  ww  to  panmeteriw  die  .daee  feoeod 
OMpatte  tad  ^twti  obtofat  tipriaaic  eo^Rtticait  dot  die  taaot 
aad  the  dope  of  the  off-eaeiBy  ortdt  at  the  pfaaie  of 
qfaioieiiy--aDiaieaiis  of  the  partide  rigidity.  Hav^thete^ 
we  tvoold  aae  ta  tfgdxa*otaatyolatiBg  ptogaao  to  at^att  fti^ 
l«— iiMif  »T  tw*  fti*  «t^iinirffnna  Of!  f^jt^ity  etjtpimwf. 

The  aecoad  approadi  coaridewd  wat  to  aw  aa  ort>h 

pmgmn  10  iha  C***""** 

otbita  ml  toBW  ahoat  dnw  doaed  orita  fi«  wmat  wkUy 
■liaMiwt  aad  to  'dt  die  —f*  poaBBetoa  to 

miwimliiw  (cliBriBalB)  dw  diOaeOOW  with  mq«iwi^w. 

The  thhd  approach,  wtddi  ia  idatndy  ahaple,  ia  to 
aolve  the  Uaear  paobleai  eta  a  oaarix  progon  with  good 
oatoie  M— *!»*-■  aad  thaa  aw  htadn  Beah  code.  CX)SY 
INMNfrY,*  to  extead  the  aoiathn  tyatematierfy  to  higher 
andUgherorikniadfi^  lUa  ia  the  approach  adopted. 

hty  maioa  of  die  LArnCE  code  ww  oaed  to  adyaat 
throe  gndim  awgaeta  with  oonaal  eitoy  and  exit  to  addeve 

^  - - - -«  -*  -  J--* - B  ^ - -*  - 

010  OBm^DO  fllBOto  ODO  mO  OBBBOO  QHDOaBUV’DOO  vuD  SPBCO* 

OQii||oct  Id  filft  msxiflBO  fiv  dio  OwiiOBl  osd  Soyder 

DOBHopciionfc  I w  DQoos  in  oiD  moo  ongDOis  wQOB  Momniy 
chom  to  be  to*  in,  20*  oat,  aad  70*  in,  roapecdvely,  to  a  aet 
bead  of  60^.  The  throe  gndkats  and  the  niagnet  locadooa 
wero  adyaated  by  die  code  to  meet  the  tpeeffled  conditions. 
AUioagh  ainp»nff|i  mfRpBi  10  ahow  die  feaa&dlity  of  the 
metood,  one  wndd  want  to  consider  (Bfitoeot  bending  an^ea 
nd  die  nw  of  eita  angta  and,  periMps,  edge  corvatnro  in  a 
roti  deatyn.  Sepaatong  ta  bty  bend  hao  two  magnets, 
periiaps  with  rovene  **gidley**  tads  iaanodier  coBsiderotion. 

Once  a  *****  **W*  I -A'ITIPR  ram  tw  liMimrlBl 

to  wihe  an  iopat  ta  to  die  CX)SY  INHNiiY  codei  An 


The  CX>SY  INHNITY  code  reads  dm  lArnCE  deck 
and  prodnees  die  same  bnearresnhs.  The  next  atqi  is  to  have 
COSY  INPlNrrY  afloat  the  nahol  second  derivadvea  of  die 
magnet  fielda  to  obtain  zero  chnanaticity  and  zero  second 

n«rfwr  riwniWBrtr  of  fl^^  thft 

oibit  in  the  dityerriootoe  inaeriiQO. 

R^tMwting  to  other  iwninwitB  iBiyiMM  th^ 

we  eqand  each  of  die  bnear  matrix  eiemems  in  a  power  aeries 
hi  the  di^lacementa.  dopes,  and  relative  mnmcntnm  drift. 
However,byataBtingtheaecioracdieccnterofdiedityeaian- 
fiee  drift  tyaceb  the  dhpiacements  and  dopw  at  diet  point  are, 
by  defiahiao,  zero.  TtifakMhiiywwBtpoiiittyrw'WWfftbBa 
n^oaty  consider  the  pore  chromatic  derivatives,  htoeovei; 


a  ftwetioBS  vanidi  at  the  center  of  die  duperahm-ftee  Mft 
qinoe.  Thus,  in  oaier  to  achieve  a  dhpcidon  fiee  drift  tpaee 
with  fixed  tanw  over  the  entire  range  of  momenta  from 
iplection  to  extraction,  we  need  to  achieve  the  fidlowing 
conditions; 


eb“ 


»  ^^3  n 

1^-*' 

i2«l,2,3,4,. 


e!p“ 


Here,  the  iff  are  the  matrix  dements  in  IftANSPCffiT 
notation. 

Then,  qratematicalty.  COSY  INFINITY  is  set  to 
calcnlaie  to  die  next  U^ier  order  and  reqoested  to  zero  the 
pore  chromatic  derivatives  at  that  order  by  qpthnizhig  the  next 
hitler  order  cadial  derivative  <d  the  magndic  fielda.  This 
prooew  is  iqieated  omil  we  are  sore  that  die  order  to  vriiich 
we  have  foil  correction  is  adeqaate  to  die  total  momentnm 
qaead  to  be  accommodated  ^^ecdon  duoagh  extraction). 
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aiMlowt: 


^  Mut^Oi 


of  106wl  nem  Md  ndU  smI  vertkd  toBM  of  2.2S  Md  2.^ 
iwpeciiwiy.  ThefloorpliBfiirlliigifii^js  AowBiBng.4. 


-^-^^^■01  Oj  l^-Oi 


■» 

Hese,  the  indn  k  iqpMeBis  the  ttne  (or  more)  dfEateot 
bn&g  magneti  iriwoe  Add  we  k««e  at  ov  divoiil  We 
Iwve  tUf  flexibiliiy  beciDW  we  bam  dropped  Ite  iei|Direa^ 
dwt  dm  fleM  Mde  wkh  <R>^  Itoving  die  field  and  ia  ladial 
derivadvea.  we  can,  of  comae,  olMaia  its  fadbd  profile.  Hie 
wldeli  yields  fixed  and  dhperiion^ee  drifts 
dmogli  the  fifth  order  in  the  idadve  momeamm  shift  is: 

•^■1+2.4-2-78. •  83B5|-2j* 


-8.49^-2J^-3  .43«Ifl|-2j*H 

^■1-7 .77-2.^35|-2J’-l44|-2J’ 
-785|.2J^+5  .  i®d|.2|*+_ 

.«(|)‘-17.3(|)%. 


Three  M%|net  Dispersion-free  Ceil  Reid 

Relafiim  Magnetic  ReU  (horn  (X3^ 


Hie  magnets  close  to  the  diqxcsion-fiee  stnigiit  section  are 
man,  whereas  ttose  well  away  from  the  insertion  are  large 
became  of  the  dispetsion  there. 

Hie  ■*»!<"«»  ■wqiiMifm  can  be  iwftHHbMt  so  that  COSY 
INFINTTY  determines  the  mnlt^iole  components  for  die 
conections  magnets  after  the  conesponding  components  for  die 
bending  magnets  have  been  dMetmined.  Hds  is  yet  to  be 
done. 

We  have  created  a  simide  ring  with  fixed  fidds  dot 
contahis  a  wide  momcnttmi  range  of  3:1  ftom  injection  to 
exttacdonwhh  fixed  tones  and  dispersioii-fiee  insertions.  Hie 
miri4xde  correction  magnets  in  the  insertions  can  correct 
several  resonances  thereby  providing  a  hage  dynamic  apertnre. 
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When  graphed  over  the  magnet  region  mod  by  a  momentum 
range  of  3:1,  the  fidd  profiks  ate  m  shown  in  Fig.  3.  Hds 
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b  bip  eangy  proton-pnNOQ  coUkkn  uch  aa  ibe  CERN 
Large  Hadraa  Coililer  (LHC)  project  with  a  centre  of  maas 
cdiUaioa  energy  ttf  over  14TeV  and  the  American 
Snperoondncting  Siqwr  Collider  (SSC)  where  the  centre  of 
aanas  coUiaian  energy  readies  40  TeV  die  leladviadc  protona 
lore  energy  in  the  form  synchrotron  ndiaiion.  Poradequaie 
beani'residiial  gas  lifetimes  in  these  machines  the  pressure 
ahonld  typically  be  in  the  10*^^  Tonr  range.  However  the 
synchro^  radiation  impnging  on  the  walls  of  the  vacuum 
Camber  desorbs  gas  and  nu^  result  in  large  pressure  increases 
detrimental  to  the  operation  of  the  cdlider.  To  achieve  the 
retpured  strong  bending  in  these  machines  it  is  necessary,  in 
the  case  of  the  LHC.  to  enqdt^  dipole  fields  iq>  to  9.0T 
which  need  siqieroonducting  magnets  operating  at  1.9  K.  The 
vacuum  diamber  is  therefore  at  cryogenic  temperature  and 
functions  as  a  cryopianp.  At  first  sight  this  free  cryopunqiing 
may  appear  beneficial  but  in  practice  introduces  several 
Habflities-for  examine,  only  a  few  monolayers  of  ctyopumped 
H2  ahea^  has  a  vqxxv  pressure  at  S  K  in  excess  of  10*^ 
Tonr.  These  and  other  effects  and  constraints  on  the  design  of 
the  cdd  vacuum  system  will  be  described  in  detail. 

I.  INTRODUCTION 

In  high  energy  accderatois  such  as  the  CERN  Large 
Ibdioo  Collider  (LHQ  and  the  American  Siqierconducting 
Sqier  CdUder  (SSQ  protons  will  be  accelerated  and  stored  at 
energies  iqi  to  7.2  TeV  and  20TeV  reqiecdvely  in  a  vacuum 
chamber  at  cryogmiic  tenqxcatures.  The  relativistic  protons, 
when  accelerated  in  the  magnetic  fields  of  the  benuing 
magnets,  will  emit  synchrotron  radiation  with  a  critical  energy 
of  51.2  eV  in  the  LHC  and  284  eV  in  the  SSC.  The 
synchrotron  radiation  photons  impinge  on  the  walls  of  the 
vacuum  chamber  and  desort)  tighdy  bound  gas  which  can  give 
gas  loads  several  mders  of  magnitude  above  the  normal 
thermal  outgassing.  Although  the  vacuum  chamber  at 
cryogeiuc  temperatures  is  a  very  efficient  cryopump  with  a 
very  large  pumping  speed  for  the  desrabed  gases,  the 
combination  of  the  phoitm  induced  gas  desorption  and  the 
pnmpir^  surfoce  may  turn  out  to  be  somewhat  ik  a  liability. 

It  is  these  effects  associated  with  gas  desorption  by 
synclootion  radiation  fiom  cold  surfaces  and  other  effects 
which  place  severe  constraints  on  the  vacuum  engineer 
concerned  widi  the  design  and  understanding  of  these  vacuum 
systems  dat  win  be  described  in  this  vaper. 

n.  PRESSURE  REQUIREMENTS 

What  interests  the  proton  storage  ring  vacuum  system 
builder  is  the  molecular  density  encountered  by  the  circulating 


parti^  since  it  is  these  residual  gas  molecules  whidi  scatter 
the  circulating  particles  and,  wifo  time,  graduaUy  reduce  the 
beam  intenshy.  In  order  dmt  the  beam  lifetinie  is  not  unduly 
reduced  by  this  process  low  pressures  are  required. 

Since  the  vacuum  chambers  in  diese  maciunes  are  at 
cryogenic  tmnperatmes  die  meaning  of  pressure  has  to  be 
clearly  defined. 

Although  most  vacuum  gauges  measure  the  molecular 
density,  cooventionany  we  always  rder  to  pressure,  which  is  a 
force  per  unit  area.  Fbr  a  given  gas  density  the  pressure  is 
proportional  to  the  temperature.  For  examfrie  m  293  K  1  Torr 
contams  33  10^^  mol  cm'^  and  at  S  K  1  Tort  contains  1.93 
10^^  mol  cm*3.  Thus,  when  converting  a  gauge  reading  to 
nxdecular  density  the  gas  temperatme  most  be  known. 

In  the  case  of  the  UK,  CX>  inessores  in  the  low  lO*^^ 
Torr  range  at  S  K  are  required  for  beam-gas  lifetimes  in  excess 
of  24  hours. 

in.  SYNCHROTRON  RADIATION 

The  cnaracterisdcs  of  the  synchrotron  radiation  in  the  two 
machines,  such  as  the  critical  energy,  power  density  and  the 
numbo'  of  photons  pa  second  incident  on  the  vacuum 
chamber  wall  along  with  the  machine  parameters  which 
determine  them  are  given  in  Table  1. 

Table  1 


LHC  and 

SSC  Paraineters 

LHC 

SSC 

Bending  radius  (m) 

2700.27 

10100 

Energy  (TeV) 

7.3 

20.0 

Beam  current  (mA) 

8S1.0 

71.7 

Critical  energy  (eV) 

51.2 

284.0 

Photon  flux  (s*^  m'l) 

1.6  10^7 

1.0  loifi 

Synchrotron  Radiation 

0.41 

0.14 

Power  loss  (W  m'*) 

In  both  the  UK  and  the  SSC  the  required  dq)ole  magnetic 
fields  of  9.0  T  and  6.76  T  respectively  are  provided  by 
siqierconducting  magnets.  In  the  case  of  die  SSC  the  magnets 
run  at  4.3S  K  but  to  obtain  the  9.0  T  in  the  LHC  the 
magnets  must  operate  at  1.9  K  and  hmice  the  vacuum  chambo’ 
is  also  at  that  temperature. 

To  absorb  the  synchrotron  radiation  power  at  1.9  K  would 
require  an  excessive  amount  of  refirigeration  thus  a  sqiars!? 
inner  screen,  a  so-called  beam  sareen,  is  necessary  to  absorb 
the  power  at  a  higher  tempoature. 
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Tte  more  diia  a  CKior  of  10  higher  beam  cuireat  in  the 
LHC  aaeana  that  many  effects  such  as  the  power  kMs  and  the 
coopling  impedances  are  more  important.  It  is  for  this  reason 
that  we  have  concentrated  on  a  collider  with  the  LHC 
paiameiBn. 

IV.  BEAM  SCREEN 

To  minimize  the  coupling  impedance  Ot  the  beam  screen 
the  intnior  surface  mint  have  a  high  electrical  conductivity 
and  suiuMe  materials  would  be  A1  or  Cu.  Ifowever,  it  must 
be  remembered  that  the  beam  screen  is  in  a  large  dipole 
magnetic  field  which  decreases  the  conductivity  because  the 
magnetoresisdve  effect  An  additional  effect  arises  in  the  case 
of  magnet  quenches  where  the  rapidly  changing  decreasing 
magnetic  fi^  induces  large  currents  and  hence  large  forces  in 
the  beam  screen.  This  is  shown  schematically  in  Figure  1  for 
the  LHC  where  the  proposed  rectangular  cross-section 
optimises  the  horizontal  and  vertical  q)ertures  available  for  the 
b^. 


Hgure  1.  A  schematic  cross-section  of  die  beam  screen  in  the 
1.9  K  vacuum  chamber. 


For  example  in  the  LHC  it  is  estimated  that  during  a 
quench,  the  magnetic  field  would  decrease  at  about  30  T  s*l 
and  would  induce  forces  of  IS  tons  m'^  in  a  1  mm  thick  Cu 
beam  screen  causing  permanent  deformation.  The  magnitude 
of  these  (piench  induced  forces  excludes  the  use  of  thick  layers 
of  such  high  conductivity  metals  as  A1  and  Cu.  The  beam 
screen,  therefore,  will  consist  of  an  inner  layer  of  Cu  of 
sufficient  thickness  compatible  with  impedance  requirements 
but  sufficiently  thin  to  minimise  quench  induo^l  forces 
dqiosited  on  an  outer  tube  of  a  low  magnetic  permeability 
material  such  as  stainless  steel  to  provide  the  necessary 
mechanical  strength. 

Since  the  conductivity  of  the  Cu  decreases  with  increasing 
temperature,  a  practical  upper  limit  based  on  impedance 
considerations  is  30  K. 


V.  SYNCHROTRON  RADIATION  INDUCED 
GAS  DESORPTION 


Synchrotron  radiation  photons  impinging  on  the  side  wall 
of  the  vacuum  chandler  can  desorb  tege  quantities  of  gas.  The 
desorption  mechanism  is  conqilicaied  in  that  it  is  a  two  stage 
process  whereby  the  primary  photons  produce  photoelectrons 
which  subsequently  desorb  gas  by  electron  stimulated 
desorption  [I],  [2].  Also  the  primary  photons  are  scattered  and 
reflet^  thus  producing  desorption  finom  all  over  the  vacuiun 
chamber  surface  although  die  primary  piKilons  hit  along  only 
one  side  of  the  chamber  [31. 

The  photon  induced  neutral  gas  desorption  yields  at 
63.S  eV  critical  energy,  close  to  that  of  the  LHC,  for  an 
unbaked  Cu  plated  stainless  steel  chamber  at  room 
temperature  as  a  function  of  the  photon  dose  [4]  are  shown  in 
Fig.  2.  There  it  can  be  seen  that  the  gases  desorbed  initially, 
in  order  of  importance,  are  H2,  CC)2.  H2O  and  CH4. 

All  gases  during  the  long  exposure  to  photons 
exhibit^  the  same  behaviour,  increasing  their  yields 
with  dose  until  they  reached  a  maximum  and  then 
decreasing  with  dose.  Although  H2O  showed  the 
largest  increase  vrith  dose  before  decreasing,  the  final 
yield  measured  aftm*  a  dose  of  1.25  10^^  photons/m 
was  still  above  the  initial  by  a  factor  of  atout  2.7. 

After  the  maximum  photon  dose  all  desorption 
yields  were  decreasing  and  showing  no  signs  of 
levelling  off. 
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Figure  2.  The  photon  induced  gas  desorption  yields  finom  an 
unbaked,  100  mm  diameim.  Cu  plated  stainless  steel  chamber 
as  a  function  of  photon  dose  at  63.S  eV  critical  energy. 


In  the  critical  energy  range  of  e  between  12  eV  and 
284  eV  the  initial  desorption  yields  scale  as  [4]  where  a 
lies  between  1.08  and  1.33  dqiending 'm  the  gas  qiecies. 
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By  imegniioa  of  Rgure  2  the  told  quantity  (tf  each  p$ 
deaoibed  was  obtained  and  this  is  shown  in  Rguie  3.  The 
eqnivyeat  of  hbout  0 J  monolayen  of  H2,  H2O  and  CO2  were 
desoibed  after  a  photon  dose  of  lO^l  photoodin  followed 
byOLlnMMhqwnofCOmdS  lO'^monolsyenofCIit. 


Dose  (photons/m) 


Figure  3.  The  total  quantity  of  desorbed  gas  as  a  fonction  of 
the  photon  dose. 

Since  the  beam  screen  will  qperate  at  around  10  K,  these 
descMbed  gases  will  be  pumped  (physisorbed)  by  its  large 
condensing  surfiice  and  slowly  build  iq)  thick  layers. 

The  gas  which  is  physisorbed  on  the  cold  screen  surface 
has  a  thermodynamic  v^xHir  pressure.  Fbr  temperatures 
<10  K  only  the  vqmur  pressure  of  H2  will  be  significant 
Initially,  when  the  surface  coverage  is  less  than  a  monolayer, 
die  pressure  will  be  very  low  and  completely  insignificant 

But  as  die  first  monolayer  becomes  completed,  the  vapour 
pressure  rises  driunatically  [S]  and  exceeds  10^  Torr  at  S  K  as 
shown  in  Rgure4.  Such  a  Itigh  pressure  is  unacceptable  in  a 
storage  ring  such  as  the  LHC  or  the  SSC  since  the  beam-gas 
lifetime  would  be  several  minutes  instead  of  the  required 
24  hours. 

It  is  important  therefore,  that  the  screen  surface  be  as 
clean  as  possibfo  initially  so  that  the  photon  induced  gas 
desorption  is  small  and  the  time  to  build  up  a  thick  layer  is 
long. 

Since  it  is  not  pure  H2  which  is  cryopumped  but  a 
mixture  containing  H2,  CH4,  H2O,  CO  and  CO2,  it  is 
uncertain  what  the  vqwur  pressure  of  this  composite  layer 
will  be.  If  the  vqiour  pressure  of  the  H2  component  is 
siqipressed  then  this  will  be  an  advantage  but  anodm  effect 
which  is  the  pressure  instability  due  to  the  ion  bomlMudment 
win  not  be  affected. 
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Figure  4.  The  viqxMir  pressure  of  H2  as  a  function  of  surface 
coverage  for  diffioent  temperatures. 


VI.  ION  INDUCED  PRESSURE  INSTABILITY 

The  circulating  proton  beam  wUi  ionize  the  molecuks  of 
the  residual  gas  which  will  then  be  accelerated  towards  the 
screen  waU  by  the  repetitive  effect  of  the  positive  potential  of 
the  bunches  of  protons  ("  300  eV  for  851  mA  in  the  LHC). 
These  relativdy  energetic  kms  will  then  desorb  aU  qiecies  of 
gas  from  the  accumulated  layn^.  The  resulting  increase  in 
pressure  leads  to  an  increase  in  the  ion  bombardment  and  hence 
the  gas  desorption.  This  gives  another  dynamic  ixessure 
component:  the  notorious  "pressure  bump"  mechanism  of  the 
CEF^  Intosecting  Storage  Rings  (ISR)  which  led  to  unstable 
runaway  jnessures  for  beam  currents  in  excess  of  a  certain 
critical  value. 

Hnc,  as  in  the  case  of  synchrotron  radiation  above,  there 
will  be  a  progressively  increasing  effect  as  the  desorption 
coefficients  increase  with  beam  dose  and  the  accumulated 
surface  gas  coverage.  At  a  certain  threshold  value  of  the 
jHoduct  of  beam  current  and  desorption  coefficient  an  avalandie 
will  occur  resulting  in  a  pressure  run-away  and  loss  of  the 
beam  [6]. 

Fortunately,  the  high  linear  pumping  speed  of  the  cold 
surfaces  in  the  LHC  and  in  the  SSC  vacuum  systems  hdps  to 
raise  the  threshold  and,  for  H2,  stability  will  be  assured  in  the 
LHC  if  the  product  of  the  ion  induced  gas  desorption  yield  r\ 
and  the  beam  currmit  I  does  not  exceed  1300  A.  The 
correqxxiding  figure  for  CO  is  700. 

Since  the  q  for  300  eV  ions  bombarding  a  'clean'  metal 
surface  is  typically  ~  S  mol.  ion'L  it  is  clear  that,  initially, 
the  product  q  I  is  well  below  the  lability  limit 

Howev^  as  the  coverage  of  gas  increases  on  the  pumping 
surface,  so  does  the  descvption  yield  and  for  thicknesses  of 
many  monolayers  it  can  have  values  as  high  as  10^  mol  ion*l 
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[7]  M  ailowB  fai  Flgue  5.  Thus  it  is  impoctant  ttat  this  bi^ 
opof  gMonAeacreea  iurCKebeaislowaspo8siUei.e.  the 
synchioiraB  radiation  oidiiced  gat  deataptioa  be  a  maumum. 
Thtt  iaapliet  that  the  inaer  acieea  surftce  should  initiaDy  be  as 
finwf  ^  dfwbeW*  gM  if  posfiWe. 


Number  of  Monolayers  of  Hydrogen 

Figure  S.  The  desorption  yield  for  500  eV  H2  ions  incident  on 
tl^  condensed  H2  layers. 

An  obvious  way  ct  reducing  the  amount  of  adsorbed  gas  is 
by  heating.  However,  any  heat  tremment  must  not  increase 
the  electrical  resistivity  of  the  Cu  layer  above  certain  limits. 
Thus  once  more  the  vacuum  engines  faces  constraints  in  his 
options. 

Vn.  ELECTRON  MULTIPACrORING 

With  bunched  proton  beams,  pressure  rises  can  occur  due 
to  electron  multipactoring  driven  by  the  electric  field  of  the 
passing  proton  bunches  [8].  An  electron  is  accelerated  towards 
the  bunch,  travoses  the  vacuum  chamber  and  produces 
secondary  electrons  from  the  opposite  wall  which  in  tom  are 
accelerated  towards  the  next  bunch.  If  the  secondary  electron 
yield  is  greater  than  unity,  and  if  the  time  between  bunches  is 
correct,  a  resonance  condition  is  fulfilled  -multipactcning-  and 
large  election  currents  bombard  the  chamber  walls.  These 
elections  can  desorb  gas  firom  the  surface  causing  Ivge  ixessure 
increases. 

A  simple  calculation  with  the  LHC  parameters  reveals  that 
the  threshold  currents  for  multipactoring  are  in  the  range  of  the 
us:  beam  currents. 

Vffl.  PERFORATED  BEAM  SC3^EEN 

The  major  {miblems,  limitations  and  unpredictable 
behaviour  of  the  LHC  vacuum  system  ail  stem  firom  the  build- 
iq)  the  condensed  gas  layer.  The  much  praised  super  ctyo- 
pump  becomes,  even  if  not  a  nightmare,  a  long  term  ludtility. 
A  modification  of  the  screen  temperature  will  not  change  the 
situation.  Operating  the  screen  at  1.9  K  for  example  would 


only  reduce  the  thennodynamic  vapour  pressure  of  while 
temperatures  higher  than  30  K  are  exdu^  for  beam  striulity 
reasons.  All  oAer  effects  semn  unaffected  by  teasperature 
changes  within  this  range. 

*p^f.  iinroductipw  of  ■«  y**”* 

will,  howevm.  dramatically  modify  the  LHC  vacuum 
behaviour  [9].  Suppose  that  1%  of  the  screen  surface  is 
conskleied  10  be  perforated  with  hdes  which  communicate  to 
the  magnet  vacuum  tube  at  1.9  K  -  holes  which  are  assumed 
to  be  perfectly  gas  transparent  and  perfectly  opaque  to 
synchrotron  raifiato.  If  die  total  punqi^  speed  of  the  nmer 
beam  screen  swface  is  S  Is'^  then  for  1%  holes  tiieir  punqnng 
speed  sbS/IOOIT^  ^gure6). 


Stainless  Steel 
Chamber  1.9  K 


Screen 

Figure  6.  A  schematic  of  the  beam  screen  showing  the 
desorbed  gas  and  the  wall  and  iKde  punqang  speeds. 

When  the  machine  is  first  put  into  operation  the  initial 
pressure  will  be  Q/S  Torr  where  Q  is  the  quantity  of  each  gas 
desmrbed  by  the  synchrotron  radiation  (Torr  Is'^)  and  S  is  the 
pumping  speed  of  the  surface  fw  each  particular  gas.  The 
amount  of  gas  pumped  by  the  holes  is  P.s  (T(Hr  Is*^)  i.e.  it 
increases  as  the  IX  <i:ssure  increases. 

If  we  considn  only  H2.  then  as  the  H2  slowly  builds  up  on 
the  beam  screen  surface  the  thermodynamic  vapour  pressure  of 
H2  will  slowly  increase  and.  if  there  were  no  holes,  it  would 
increase  to  its  value  corresponding  to  the  temperature  of  the 
screen  e.g.  lO*^  Torr  at  4.2  K.  The  holes,  however,  will 
pump  a  fraction  of  this  H2  and  an  equilibrium  will  be  reached 
when  the  quantity  of  desorbed  gas  equals  the  quantity 
swallowed  by  the  holes  i.e.  Q=P.s.  With  the  holes  the 
equilibrium  pressure  of  1^  is  therefore  given  by  which  is, 
for  1  %  iioles,  a  foctor  of  100  above  the  initial  H2  ptessine  and 
the  extra  gas  load  condenses  continually  on  the  1.9  K  surface 
where  its  vapour  pressure  is  negligible. 
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X.  CONCLUSIONS 


For  the  other  gases  their  pressures  remain  unchanged  at 

shice  their  vqxxnr  presures  at  the  temperature  of  the  beam 
acreen  are  not  dependent  of  the  layer  thickness. 

The  temperature  and  temperature  uniformity  of  the  screen 
become  unimportant.  They  only  affect  the  equilibrium 
coverage  on  the  acreen  ud.  of  comse,  the  time  to  achieve  this. 
However  the  temperative  should  be  kept  con^ant  and.  in 
paiticniar.  not  be  allowed  to  rise  during  machine  operation. 
Ihe  condensing  cryo>surfiace  of  the  magnets  mi^  uperM  at  any 
lempeitture  v^iich  keqis  the  thermodynamic  vapour  pressure 
of  ^  low  enough,  e.g.  3  K  for  10*10  Torr  after  the  build-iip 
of  several  or  more  monolayers. 

However,  should  the  photon  induced  gas  desorption  be 
such  that  the  pressure  increase  of  100  is  too  high  and  decreases 
the  beam-gas  lifetime,  tlrere  will  be  a  need  for  periodic 
wanning  iq>  and  cleaning  of  the  screen.  However,  the  screen 
should  tt  ^  times  be  kept  warmer  than  the  magnet  bore  to 
prevent  contamination  by  retro-diffusion,  especially  when  the 
machine  is  not  operating. 

DC.  BEAM-PERFORATION  INTERACTIONS 

The  vacuum  engineer  is  not  free  to  choose  either  the 
number  or  the  diameter  of  the  perforations  in  the  beam  screen 
since  he  must  bear  in  mind  that  the  holes  represent 
discontinuities  for  the  image  currents  of  the  beam  and  result  in 
a  berm  coupling  impedance. 

An  additional  effect  comes  in  the  high  frequency  range 
from  the  real  part  of  the  impedance.  Power  is  coufded  through 
the  holes  into  the  coaxial  space  between  the  beam  screen  and 
die  vacuum  chamber  and  propagates  in  synchronism  with  the 
beam,  gradually  building  up  in  strength  and  leaking  back  into 
the  beam  screen  further  adding  to  the  real  part  of  the  coupling 
impedance  [10]. 

This  power  is  dissipated  in  both  the  outer  beam  screen  wall 
and  the  1.9  K  inner  vacuum  chamber  wall.  For  example,  in 
the  LHC,  with  both  walls  in  stainless  steel  i.e.  the  same 
resistivity,  for  5%  of  the  surface  covered  with  2.5  mm 
diametm  holes  and  1  mm  beam  screen  wall  thickness  the 
power  dissipated  per  metre  in  the  1.9  K  surface  is  0.12  WAn 
whereas  the  calculated  heat  leak  into  the  1.9  K  is  0.1  W/m. 
Thus  5%  of  2.S  mm  diameter  holes  more  than  doubles  the 
heat  load  <Ni  the  cryogenic  system.  Fw  5%  of  1  mm  diameter 
hides  the  power  di^ipadon  in  the  1.9K  surface  is  negligible. 

The  beam  screen  must  be  siqiported  in  the  1.9  K  tube,  and 
the  presence  of  dielectric  and  preferably  lossy  support 
structures  in  the  coaxial  space  could  reduce  consi^iably  the 
power  dissipated  at  1.9  K.  The  supports  would,  of  course,  be 
tied  thermally  to  the  beam  screen. 

The  supports  must  be  designed  with  care  since  it  must  be 
remembered  that  if  there  are  any  conducting  loops  there  may  be 
sufficiently  large  induced  voltages  during  a  quench  and  hence 
the  risk  of  spot  welding  the  support  structure  to  the  1.9  K 
tube. 

Possibly  more  critical  is  the  low  frequency  imaginary 
(inductive)  port  of  the  impedance  coming  from  die  holes.  An 
advantage  may  be  gained  by  having  short  slots  rather  than 
round  holes.  For  example,  a  slot  10  mm  x  1  mm  has  an 
inductive  impedance  about  a  factor  of  2  less  than  10  holes  each 
of  1  mm  diameter  [11]. 


It  has  been  shown  that,  when  designing  vacuum  systmns 
in  which  synchrotnm  radiation  is  incid^  on  sivfaces  at 
cryogenic  temperatures,  the  vacuum  engineer  may  not  be 
completely  free  to  choose  the  parameters. 

Because  of  the  power  radiated  by  the  syncfarntron  radiatkn, 
a  screen  at  a  higher  temperaune  than  the  vacuum  chamber  may 
be  necessary  to  inteic^  this  radiation. 

Beam  stability  criteria  impose  strict  vppa  limits  on  the 
electrical  resistivity  of  the  beam  screen  inner  wall,  and  hence 
the  temperature,  and  also  the  diameter  of  the  pumimg  holes  in 
the  beam  screen. 

It  is  imperative  that  the  vacuum  enginea’  must  ensure  that 
the  surfaces  hit  by  the  synchrotron  radiation  are  as  clean  as 
possiUe  so  mat  die  pressure  increases,  which  are  determined 
by  the  diameter  and  number  of  the  pumping  holes,  are 
consistent  with  the  required  beam-gas  lifetimes  and  the  time  to 
build  up  thick  layers  of  condensed  gas  is  long  Le.  months  not 
days. 
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Abstract 

In  iUs  paiierinodel  equaSoiia  are  derived  for  calculating 
tike  beam  tube  deoahy  of  molecoles  desorbed  by  syncbrottoo 
radiation  in  tbe  SSCL  20TeV  proton  Collider  and  the 
smqpocting  simulation  experiments  at  synchrmron  light 
sources.  OM  4.2K  bemn  tube  and  artMtiary  lenqierature  11^ 
or  distfibuted  puny)  ayatems  are  coosideted.  Physical  ^ects 
induded  are;  direct  desorption,  cryos(»ption.  desorption  of 
physUorbed  molecales,  tbe  H2  equilibrium  isotherm,  axial 
dfinskm  and  (Hstriboied  pnnqiing.  Coovenieat  formulas  are 
given  for  extracting  the  relevant  physical  variables  from  tbe 
erperiments  arvt  calculating  tbe  anticipated  beam 
Qfoe  density  in  tbe  Collider.  A  numerical  mcamitie  illustrating 
the  hityortant  physical  effects  is  presented. 

LIKTRODUCnON 

Tbe  new  generation  of  proton  ooUiden  -  SSC  and  LHC  • 
are  the  first  that  will  encounter  significant  synduotron 
tmUatioo  in  the  cold  bore  tube  of  superconducting  magnets. 
Hie  vacuum  systems  of  such  colliders  require  taking  into 
account  tbe  gas  desorbed  by  synchrotron  radiation  to  insure 
adnrpiatr  beam  lifetime  and  machine  availability.  Aldxxigh  the 
cold  magnet  bore  tube  can  in  princ^  serve  as  a  cryopump  its 
effectiveness  can  be  Ihniied  by  two  effects.  Firstly  cryosorbed 
gas  is  rather  weakly  bound  to  tbe  surface  and  may  be  ei^y 
desorbed,  so  the  effective  pumping  speed  may  be  sererely 
reduced.  Secondly,  in  the  case  of  the  SSC  the  saturation  vapor 
density  of  H2  at  the  4.2K  magnet  operating  temperature 
exceeds  tbe  cryogeakAnagnet  quench  limit  by  a  fecttr  of  fifty, 
so  accumulation  ef  a  mondayer  ei  H2  anywhere  in  tbe  beam 
tube  most  be  avdded.[l]  The  function  of  a  liner  is  to  mtercept 
the  photon  flux  and  to  pump  the  pbotodesorbed  gases  in  a  way 
thru  shields  them  from  tbe  synchrotron  radiation.  It  will  turn 
out  that  qwcifying  a  Ihier  configuration  that  will  work  dqxnds 
on  for  less  informatiao  than  qualifying  a  simple  beam  tube 
witimut  a  tiner,  if  indeed  such  a  tube  exists.  The  situation  with 
LHC  is  that  because  of  tbe  low  1.8K  magnet  opmating 
tenqienttore  a  10-20K  liner  has  been  designed  in  from  tbe 
begtaming  to  faueroqM  tbe  synchrotron  radiation  heat  load.[2] 
For  the  SSC  it  is  reasonable  to  interoqit  tbe  synchrotron  beat 
load  at  4.2K  so  whether  to  install  a  liner  is  an  open  question. 
Furthermore  tbe  temperature  of  die  liner  could  be  ^osen  to 
ooneqxmd  to  any  of  tbe  available  refrigeration  systems  4J2K. 
20K  or  80K  md  each  choice  has  its  particular  advantages  and 
(fisadvaiuagcs. 

Some  basic  tynduotron  radiation  parameters  for  tbe  SSC 
are  photon  critical  energy  *  284eV,  photon  intensity  » 
IxlO^^^ibotonsAn/s  at  20TeV  and  72mA  and  synchrotron 
power  »  140mWAn.  The  photons  hit  the  vacuum  chamber 
waD  at  an  incidence  angle  ~2mrad  at  a  distance  ~20m  from 
their  point  of  emission  on  the  proton  orbit  Ibe  FWHM  of  tbe 
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directly  illuminated  stripe  on  tbe  bemn  tube  wall  dqtends  on 
tbe  photon  energy  and  U  ~4inm  for  the  median  photon  miergy 
.OSEcrit  *  23eV.  The  vacuinn  design  goals  are  300br  beam 
lifetime  due  to  nuclear  scattering  and  beam  tube  warm  iq> 
interval  of  the  order  once  per  operational  year 
(-2xl023photons/m).  Tbe  SOnu-  beam  lifetime  requiremmit 
corresponds  to  an  average  H2  density  SxlO^/cm^  or  CO 
density  SxlO^/cm^.  Tbe  cryogenic  limit  0.6WAn[3] 
corresponds  to  local  density  limits  4xl0^^/cm^  for  H2  mui 
7xl0^/cm^  for  CO.  Accumulation  of  less  than  one  monolaya 
of  H2  in  an  operational  year  coneqxmds  to  an  average 
pbotodesoption  coefficient  ^  2x10*^  H2^>hoton. 

n.  BASIC  EQUATIONS 

We  begin  by  writing  down  equations  describing  tbe 
volume  density  n  and  sorfhce  density  s  of  H2  inside  a  4.2K 
beam  tube  of  radius  a  exposed  to  synchrotron  radiation.  Some 
comments  on  tbe  treatment  of  other  gases  (CO.CO2.CH4)  sod 
tube  temperatures  (20K.  80K)  will  be  made  below.  Tbe 
equation  for  volume  density  is; 

V^^inr-^nt-a^Sw*(n-ne)-C*H 

A 

*AcD^ 

In  eqn.(l)  V  »  xa^  is  tbe  beam  tube  volume  per  unit  axial 
length.  Tbe  first  two  terms  on  tbe  right  describe 
pbotodesorption  of  molecoles.  The  desorptioo  coefficient  q  1 
molecules  per  photon  is  for  chemically  bound  matter  not 
previously  desorbed  and  is  a  function  of  the  integrated  photon 

flux  per  unit  length  F  and  perh^s  the  pbotcm  intensity  f. 
Tbe  second  term  allows  for  tte  desorption  of  relatively  weakly 
bound  physically  sorbed  molecules  with  desorption  coefficient 
q'  which  is  a  function  of  tbe  surface  density  s  of  cryosorbed 
molecules.  At  low  surface  coverage  one  would  expect  q' 

dqtends  linearly  on  the  surface  density  s;  q'  =  j  where 

s  has  been  normalized  to  tbe  monolayer  dmrsity  Sm-  The  third 
term  on  tbe  right  of  eqn.(l)  accounts  for  tbe  cryosorption  of 
molecules  incident  on  the  surface;  Ow  is  the  sticking 
probability  per  wall  collision.  5^  =  vA^f  /  4  is  tbe  ideal  wall 
pumping  speed  and  ne  is  tbe  equilibrium  isotherm  density  of 
molecules  with  surface  density  s.  The  fourth  term  allows  for  a 
liner  u'  distributed  pump  with  puminng  speed  C  per  unit  axial 
length.  Tbe  last  term  allows  for  the  axial  diffusion  of 

molecules  out  tbe  ends  of  a  finite  length  tube;  =  m  is 


tbe  tube  cross  section  area 


and  D-—aC  is  tbe  Knudsen 
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dUIMoa  coeOldeoL  Tbe  equaiioo  for  tbe  surbce  density  s  of 
cryoMMbed  Biolecolet  is; 

The  first  term  in  eqp).(2)  allows  for  the  possibility  of  direct 
prodactiop  of  physisoitied  molecules  by  tbe  incident  photon 
flUL  The  second  and  third  terms  are  the  same  as  in  eqn.(l)  but 
with  opposite  sign.  All  the  terms  on  the  right  of  eqn.(2)  define 
the  effective  pumping  of  the  beam  tube  surfSaoe  which  we  note 
is  reduced  by  tbe  equilitrium  isotherm  and  by  the 
photodesotptioo  or  recycling  of  cryosorbed  molecules.  One 
more  equation  is  needed  to  descrfee  the  equilibfium  isotherm 
relating  ne  to  s.  Here  we  choose  to  rqitesertt  the  isotherm  by  a 
BETequatioo; 

Xa _ ^ -  (3) 

la-yKl-Ka-Dy)] 

where  x  »  s/sm  and  y  =  ne/nsat  is  a 

dimmionless  parameter.  Eqn.(3)  has  the  saturation  ptop^ 
y  1  as  X  ee.  For  any  p^cular  surface  the  equilibrium 
isotherm  must  be  measured  experimentally  to  determine  sm 
and  a.  Hydrogen  isotherms  have  been  measured  on  stainless 
steel  by  Benvenuti  et  al[4}  and  tbe  4.2K  isotherm  can  be 
reasonably  fit  with  Sm  »  6x10^^  H2/cm3  and  a  a  1.37x10^. 
In  ref. [2]  tbe  saturation  density  of  H2  was  also  determined  to 
be  nsat(cm*^)  »  6.84xl()22e'95.8/T/y  pQf  our  purposes  Sm, 
which  depends  on  the  particular  surface,  and  n^at  tue  the  most 
important  parameters  and  results  are  not  too  sensitive  to 
uncertainty  in  ou 

m.  SOLUTIONS 

The  equations  in  Sec.  U  will  be  applied  to  tubes  of  length 
L  with  -U2  <  z  <  L/2  and  tbe  boundmy  condition  n(±L/2)  a  0 
iqjplied  at  the  ends.  In  practioe  tbe  density  at  tbe  ends  of  a  tube 
will  be  determined  by  tbe  gas  flow  rate  and  pumping  speed, 
which  here  we  take  to  be  infinite  compart  to  tbe  tube 
conductance.  It  is  straightforward  to  add  a  finite  density 
boundary  condition  to  the  solutions  given  below.  Here  we  are 

At 

only  interested  in  quasi-static  solutions  «  0  so  the  time 

at 

depmidence  (slow)  of  n  enters  through  tbe  behavior  of  the 
desorption  coefficients  with  increasing  photon  flux  and 
increasing  isotherm  density  due  to  tbe  build  up  of  surface 
density  on  tbe  beam  tube.  We  characterize  tbe  length  of  a  tube 
without  a  liner  according  to  whether  tbe  surface  doisity  reaches 

aquasi-steady  stale  -  0  due  to  diffusion  out  the  ends  or 
dt 

continues  to  build  up  due  to  cryosorption  and  t)2-  Tubes  with 
a  surface  reaching  steady  state  are  deemed  to  be  "short*,  others 
"long".  We  first  give  tbe  solutions  for  short  and  long  tubes 
without  liners  and  then  give  a  criterion  for  short  or  long.  Tbe 
solution  is  then  given  for  an  arbitrary  length  tube  with  a  liner. 
Tbe  presence  of  liner  pumping  again  allows  tbe  surface  to 

reach  a  quasi  steady  scue  A-^-0. 

A.  Short  4.2K  beam  tube  without  a  liner 

dft 

The  solntioo  to  eqn.(l)  for  density  n(z)  with  V^—  "0. 

at 

C«0  and  A^-0  is; 
dt 


i_. 

2  A^D  U;  I 


Given  tbe  density  o(z).  the  surface  density  s(z)  is  obtained  by 
solving  tbe  following  implicit  equation  for  s; 

»1'(J)  =  »J2  +  (n(z)  -  ne(J)) .  (5) 

If  Hg  «  h(z)  and  i}2  « tl'(s)  then 

=  (6) 


the  surface 


If  we  make  tbe  further  substitution  rj 
density  is  given  explicitly  by 


s(z)  = 


We  note  that  the  diffusion  out  tbe  ends  of  the  tube  is  driven  by 
isotherm  evaporation  and  ti' desorption.  If  there  is  no  q* 
process  then  isotherm  evaporation  alone  drives  the  diffusion 
and  s  is  given  implicitly  by; 

ne(j)  =  n(2)+  .  (8) 

^w^w 

B.  Long  4.2K  beam  tube  without  a  liner 

dfi 

The  solution  to  eqn.(l)  for  n(z)  with  V-—  «  0,  C  =  0  and 

at 

A—*0  is; 

0  A^D  4 

where  X  -  ^  =  -- —  and  we  neglect  possible  z 
3  (T||, 

dependence  of  q'  and  ne-  The  mean  square  axial  distance  a 

molecule  travels  before  sticking  to  tbe  wall  is  2X^  and  L^/ 
is  equal  to  tbe  wall  pumping  ^leed  divided  by  tbe  conductance 
of  a  tube  of  length  L.  Evidently  as  long  as  we  are  a  few  tube 
diameters  from  tbe  end  of  tbe  tube  tbe  cosh  term  is  negligible 
and  we  have; 

«  =  +  +  00) 

which  is  tbe  solution  obtained  with  axial  diffusion  neglected, 
d^n 

AcD—y^O.  inserting  eqn.(lO)  into  eqn.(2)  we  obtain  for 
dz 

tbe  sur&ce  dmisity; 

r 

J  =  ^J(»7l+i72Wr  (11) 

'*'0 

which  just  says  all  the  desorbed  gas  winds  up  on  the  surface. 
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C.  Numtrical  example  far  4.2K  beam  tubes 
I>  thU  sectioo  we  give  an  example  to  illustrate  tbe 
Gonieat  of  the  equatioiis.  The  measurement  oi  a  com|dete  set 
of  parameters  at  4.2K  is  incomplete  so  we  n***  tbe  following 
assumed  values:  T|i  » 112  -  4x10*^.  no'  ■  10.  Ow  »  0.5. 
V«2.U10^cin/sec.  a  ■  1.5cm.  sm  -  3xlOl5H2/cm2.  a  » 

1.3x10^  and  r » 10^^  photons/ m /sec.  The  short  tube 
solution  eqn.(4)  dqmds  00  the  tube  length  which  we  take  to 
L  ■  1.  5.  15  and  90m.  These  lengths  correspond 
approximately  to:  a  typical  beam  tube  sample  for 
phoiodesocption  experiments,  a  Collider  giwidnipoif  or 
n»ol  piece,  a  Collider  dipole  magnet  and  a  Collider  half  cell. 
The  long  tube  striutkm  etpi.dO)  depends  on  tbe  integrated 
photon  flux  which  we  take  to  be  T  «  1x10*^  to  1x10^3 
photons/m.  ccme^nding  to  lOOOsec  to  lOOdays  of  Collider 
operatioii.  The  long  tube  solution  is  independent  of  length  and 
is  plotted  versus  F  in  Rg.  1.  The  three  components  of  the 
long  tube  solution  are  also  shown:  (1)  tbe  t]  1  term,  (2)  the  ti' 
term  and  (3)  the  isotherm.  The  short  tube  solutions  are 
mdependent  of  F  and  sre  indicated  by  tht  horizontal  lines  in 
Rg.  1  that  are  labeled  with  L  »  1.  5, 15  and  90m.  For  a  given 
tube  length  it  is  the  low»  density  of  the  long  and  short  tube 
solutions  which  pertains.  For  this  reason  one  always  starts  out 
m  low  F  on  tbe  long  tube  solution  and  follows  it  until  it 
intercepts  the  short  tube  solution  for  tbe  chosen  length. 


Rg.l:Sho(t  and  long  tube  H2  densiQr 


Rom  the  results  in  Rg.  1  we  make  several  observations 
fm-  ^  assumed  parameters.  The  long  tube  solution  is 
dominated  by  the  t]'  desmption  of  cyrosorbed  H2.  which 
increases  lin^y  with  F.  until  the  isotherm  densi^r  takes  over 
F  ~  SxlO^^pbotons/m.  The  ti  desorption  of  H2.  which 
drives  everything,  dmninates  tbe  density  only  at  very  low 
accmnulated  photon  flux  not  shown  in  Rg.  1.  We  also  see 
that  Lai  and  5m  tubes  reach  maximum  dwisities  of  3.4x10^ 
and  8.4x10^  due  to  pHlI^>ing  at  the  ends  and  do  not  reach  tbe 
^gion  of  rq^  rise  dee  to  the  isotherm.  Tbe  relevance  of  this 
is  that  short  tube  photodesorption  experiments  at  synchrotron 
light  sources  with  tube  lengths  1  to  Sm  may  not  observe  tbe 


rqud  isotherm  density  rise  although  tbe  patamMers  may  be  tbe 
same  as  those  which  would  lead  to  such  a  rise  in  a  in^irb 
longer  nibe.  The  15m  mbe  reaches  the  r^ion  of  rapid  isotherm 
rise,  but  pumping  at  tbe  entte  clamps  tbe  density  at  7.6x10^^ 
H2/cm^.  Tbe  9(kn  case  reaches  tbe  isotherm  Munrntinn  region 
before  intercepting  tbe  short  tube  solution.  For  the  particular 
parameters  chosen,  pumping  at  the  ends  of  a  5m  long 
quadrupole  or  spool  piece  would  keep  tbe  density  from 
reaching  the  value  4x10^^  H2/cm^  which  would  lead  to  a 
beam  loss  induced  cryogenic  overioad/magnet  quench,  but  foil 
short  for  a  15m  dipole  by  a  factor  of  two.  Pumping  at  Im 
intervals  would  be  required  to  keep  the  density  at  the  300hr 
beam  lifetime  goal  level  of  3x10*  H2/cm3. 

D.  Beam  tube  length  criterion 
In  this  section  we  surtunarize  a  criterion  for  whether  to 
use  the  long  or  short  tube  solutions  to  calculate  n(0).  For  a 
given  set  of  parameters  calculate  n(0)  using  the  long  tube 
solution  eqn.  (10).  Then  evaluate  tbe  expression; 


p  16a  ni0)va 

TUir- 

If  5  ^  1,  use  the  long  tube  eqn.(lO),  if  S  >  1 


(12) 

use  the  short  tube 


eqn.(4). 


E.  Beam  tube  with  a  liner 


The  case  of  a  beam  tube  with  a  liner  is  only  interesting 
when  Cn  »  A^Dd^ri  /  .  In  that  case,  and  with  tbe  quasi 


static  iq)proxunations  V  —  ■>  0  and  A—  »  0,  tbe  solution  to 
ot  at 

fca  the  density  is; 

Tbe  solution  for  the  surface  density  is  tbe  same  as  eqns.(S)  to 
(8).  Eqn.(13)  is  remarkable  in  its  simplicity  compared  to 
eqn.(lO).  It  depends  only  on  tbe  desorption  coefficient 
■q  » 1)1  +  ^2  10  specify  a  conductance  C  that  will  meet  the 
beam  lifetime  criterion.  Eqn.(13)  is  valid  for  any  temperature 
liner  and  is  indqiendent  ttf  wbetbw  on  ikx  there  is  cryosorption 
on  the  liner  surface.  Tbe  conductance  C  is  related  to  the  boles 
in  the  liner  by  C  =  pNhAfiV  /  4  where  p  is  tbe  transmission 
probability.  Nft  the  number  of  boles  per  unit  axial  length, 
tbe  area  per  bole  and  v  tbe  mean  molecular  speed.  Although 
the  mean  qieed  7  may  be  higher  than  that  corresponding  to 
equilibrium  with  the  liner,  a  conservative  estimate  of  the 
conductance  may  be  made  by  assuming  tbe  molecules  and  liner 
are  in  thermal  equilibrium.  When  using  eqn.(13)  to  esrimaM*. 
the  conductance  it  is  important  to  include  desoqMion  of  all  tbe 
molecules  since  the  heavier  molecules  have  slower  speeds  and 
higher  scattering  cross  sections.  The  calculational  details 
carmot  be  given  here,  but  at  present  it  seems  possible  to 
specify  liners  with  T  =  4.2,  20  or  80K  which  will  meet  the 
30(Bu  beam  lifetime  requirement  with  an  effective  open  hole 
area  of  -  3%.  This  is  small  enough  to  allow  a  comfortable 
safety  margin  for  tranverse  beam  instabilities. 
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INTRODUCTION 

At  its  design  level,  PEP-n  will  ciiailaie  asynuMiric 
beams  at  9  QeV  and  U  A  in  a  High  Energy  Ring  and 
3.1  GeV  with  2.1  A  in  a  Low  Energy  Ri^.  In  addhian,  the 
vacuum  systems  of  both  rings  wiB  be  designed  to  opeaie  at 
a  maximun  current  of  3  A  to  provide  for  higher  ctvrem 
operatMn  in  the  future.  Pumping  for  both  rings  is  provided 
by  sputter  ion  pung>  systems. 

In  the  High  Energy  Ring,  high  gas  loads,  deriving  from 
the  intense  photon  ladiatioo,  are  calculated  at  1.06  x  10~^ 
Torr  liters  s'*  m~*  using  a  desorption  coefficient  (eta)  of 
2  X 10-6  molecules  photon'*. 

To  maintain  an  average  pressure  of  S  nTorr  or  less  in 
the  me  cells,  lumped  ion  pumps  are  used  in  the  2  m  long 
straight  sectians  and  distrawted  ion  puaqie  are  used  in  the 
6  m  long  dipole  chambers  where  the  conductance  the 
vacuum  chamber  is  prahitNtively  low. 

To  achieve  these  pressures,  the  distributed  ion  pump 
system  is  required  to  have  puminng  speeds  of  110  litres 
S'*  m~*  however,  a  design  level  of  16S  liters  s'*  m~*  has 
been  set  to  provide  a  tetor  of  safety  of  50%  based  on 
pumping  alooe. 


PUMP  DESIGN 

Ion  ponqts.  using  plaie-mK  anodes,  have  been  chosen 
to  achiew  these  pimqiing  qieeds.  The  five  {date  anode 
shown  in  Fig.  1.  contains  four  rows  of  pump  cells  in  a 
sttggn***  arrangemem  to  produce  a  cell-area  density  of 
68%.  Cells,  with  a  1.8  cm  diameter,  intercept  a  dh>ole 
flux  varymg  from  1800  gaitts  at  the  magnet  pole 
center  to  about  1450  greiss  at  the  pole  edges.  Alihoi^ 
undrestood  that  cell  diameter  should  increaae  with  lowering 
field,  we  have  elected  to  mauMained  a  untform  ceU  diameter 
in  order  to  maximize  the  total  mmiber  of  edb  in  the  pump. 

Contact  fingers,  between  the  titanium  cathodes  and 
chamber  walls  provide  conductioo  cooling  for  the  cathode 
plaiBS.  These  firing  oontares,  spaced  alortg  die  lerri^  of  die 
cathode,  are  dmignri  to  remove  a  heat  flux  of  0.01  Wenr^ 
and  the  cathode  plates  have  been  shaped  to  provide  the 
necessary  stiffhess  to  carry  the  contact  quing  force.  A 
formed  scteen-plaiB.  sqMuating  the  beam  tube  from  the 
pomp  chamber,  contains  6  hnes  of  slots  pitched  at  10  cm. 
The  riots.  025  cm  high  by  9  cm  wide,  provide  a  calculated 
conductance  of  1400  liters  s~*  m~*  through  the  screen. 
Where  possible,  the  slots  in  the  screen  have  been  aligned 


Figure  1.  Distributed  ion  pomp  with  screen-plate 
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wilh  the  9ioei  between  the  eaode  {Metes  to  ieqirove  the 
ovenrflcwnrtBCtMfeofthepnap-ecieeacombiaetke^ 
the  height  of  the  slot  Iwi  beea  sdected  to  keep  the 
jmfwdMKecoBiribMtioB  10  eB^Bgihie  level  end  the  height- 
to-length  mio  of  the  slot  hes  hftto  ftMTt*"  to  the 

rfKiyff  of  FP  dwriiiig  opf*Tt^  Anode  designs 

will  hsve  ehher  five  or  seven  phnes  sod  the  skx  peitens  in 
the  ■»— t*!***^  screen  will  oofie^Niod  to  the  tnode 

geometry. 

TEST  PLAN 

To  vilidaie  the  pumping  qieeds  described  ^ve.  we 
ere  prepering  to  lest  e  serin  of  ion  {Munp  designs  with 
vsrying  |Nunp  {Mcimeters  that  include  cell  diameter, 
spacing  between  anode  {Mates,  B  field,  B  field  unifonnity 
snd  voltage.  A  tube-^fpe  anode,  similar  to  the  former  PEP 
design,  wil  also  be  tested  and  a  concluding  overimeot  win 
test  a  module  as  used  on  the  VnV  and  x-ray  beamimes  at 
the  National  Synchrotron  Light  Source  to  provide  a 
com{>arison.  Initial  testing  will  b^n  with  N2  ges, 
however,  the  final  design  will  be  tested  with  the  00.  CO2. 
H2,  CH4,  and  If2/C0  gas  mixtures. 

TEST  STAND 

To  test  these  designs,  a  test  stand,  that  closely 
simulates  actual  ring  cooditfoos,  was  designed  using  a  12 
control-volume  modeL  as  shown  in  Fig.  2.  to  establish 
pressures  in  the  chamber. 


Gauge  Gauge  Gauge 
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Typical  control  vcMume 

I^nre2.  PunqMi^  system  achemmic  HKxfeL 

The  test  chamber,  shown  insened  in  the  dipole  magnet 
in  Fig.  3,  is  sized  to  test  pump  modules  1  m  long  that  are 
instaUed  firom  the  right  The  system  is  ponq)ed  down  with  a 
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1000  liters  s**^  liubomolecular  pump  after  which  two,  400 
liters  km  pumps  are  used  to  bring  the  system  into  the 
lOrtO  <foir  rMge.  A  heating  system,  installed  in  the  narrow 
qwce  between  the  chamber  and  magnet  pole  faces  bakes  the 
chamber  at  200°C  during  the  high  voltage  conditioning  of 
the  module.  Qas  flow  into  the  chamber  will  be  determined 
by  measuring  the  pressure  difference  across  an  orifice  of 
kmwn  conductance.  Once  installed  in  the  magnet,  a 
pro^ammable  high  voltage  power  siqiply  conditions  the 
module  to  7  kV  in  a  nominal  field  of  1800  ^oiss  while  at 
temperature.  During  a  typical  test  run,  a  data  acquisition 


system  is  programmed  to  monitoring  pressures  and  to 
disf^y  gas  flows  into  the  chamber,  pressure  differences  at 
the  pump  before  mid  after  gas  injection,  and  pumping 
spe^,  all  as  a  function  of  time.  The  test  stand,  now 
nearing  completion  at  LLNL,  is  shown  under  constriKtion 
in  Fig.  4. 

This  work  wu  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy  by  the  Lawrence  Livermore  Nathmal 
Laboratory  under  contract  W-74Q5-Eng-48. 


Figured.  Dip  test  stand  construction. 
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UHV  puapa  baaad  on  non  evaporable  gattar 
ooatad  strips  find  %iides|pread  xise  in 
particls  aooslerators,  synctarotron 
radiation  sactiinsB  and  nuclear  fusion 
eaqporinental  <ls\does.  Depending  on  the 
gacBMtric  oonoFtraints,  profini.a!!n  operation 
oonditions  and  the  foreseen  gas  loads, 
optiaized  getter  structures,  such  as 
sodales  and  cartridges,  can  be  designed  and 
asaenhled  into  a  hig^irefficiency  punp.  In 
the  present  paper,  the  design  and 
perfonnanoe  of  a  newly  oonoelved  Hig^ 
capacity  Getter  Rap  (HOGP)  baaed  on 
sintered  getter  bodies,  in  the  ehepe  of 
blades  instead  of  strips,  is  illustrated. 
Ihe  porosity  and  the  apecdf  ic  surface  area 
of  the  blades  and  their  arrangaaent  in  the 
cartridge  have  been  optimized  to 
significantly  increase  aocption  capacity  at 
a  given  speed.  *31886  paipw  are  well  suited 
for  tboBe  implications  where  a  very  hic^ 
gas  load  is  eaqpected  during  the  machine 
operation.  The  sintered  getter  bodies 
increase  surface  area  and  capacity, 
requiring  less  frequent  reactivation  and 
fa^litating  greater  overall  life  of  the 
puqp.  A  discussion  of  the  eoperinental 
results  in  terms  of  sorption  speed  and 
capacity  for  various  gases  is  presented. 

I.  linWlIUCEKlI 

Men  Evaporable  Getter  (MEG)  punps  find 
wideepread  use  for  maintaining  vacum  in  a 
variety  of  IHV  eaqperimentid  machines  such 
as  storage  rings,  synchrotrons,  particle 
accelerators,  nuclear  fusion  devices.  At 
present,  ocanercially  available  NBG  pimps 
make  use  of  metallic  strips  upon  which  the 
getter  powder  is  deposited  and  mechanically 
anchored  by  oceapreemden.  These  strips  can 
be  inserted  in  suitable  regions  oomected 
to  the  vacuum  chamber  to  provide  an 
effective  distributed  pimping  system 
[1}#[2],[3].  Alternatively,  ttiey  can  be 
shaped  in  mere  ocspleK  structures,  such  as 
cartridges  and  modules  [4]  [5] ,  whidi  can  be 
anwmblnd  into  high  efficiency  pimps  to 


provide  discrete  puq^^ing  capabilities,  as 
required  for  cacaanple  in  the  crotchas  and 
abeorfaers  regions  of  storage  rings  or 
synchrotron  nschines  [6].  Sons  advantages 
of  MBS  pusps  are  hicb  Fuqping  spe^, 
especially  for  hydrogen,  abaenoa  of 
mechanical  moving  parts,  no  interference 
wi^  the  paiidcle  baaai,law  power 
oonsiaptian,  low  cost.  Their  main  drawback 
is  the  finite  sorption  capacity  for  active 
gases,  such  as  GO,  I^,  OC^  and  IU>,  which 
requires  periodical  getter  conditioning  at 
moderate  temperature  (400  *C)  to  clean  the 
surface  by  diffusion  of  the  contaminants 
into  the  bulk.  The  frequency  of  getter 
oenditioning  depends  on  the  gas  load  and 
the  operating  pressure  oonditions  required 
for  ruming  the  eoqperiments.  With  this 
respect,  next  generation  machines,  such  as 
high  p^omances  stcrage  rings  and  B 
factories,  will  be  characterized  by 
inc3:eaaed  tiiemal  outgassing  from  the  walls 
of  the  vaciMB  chasber  and  increased  tynamic 
loads  due  to  photon  induced  desorption  [7] . 
Operating  vacuun  requirements  will  also 
heocme  more  stringent  and  pressure  value 
lower  than  1X10>9  torr  neoeesary.  Ih  the 
prooent  paper,  the  design  and  sorption 
characterii^CB  (rf  a  newly  ooncelved  NBG 
pimp,  vhich  can  overcoam  above  cited 
problems,  are  illustrated.  This  pimp,  which 
is  based  cn  the  use  of  porous  sintered 
getter,  shows  significantly  larger  sorpticn 
capacity  and  hic^ier  pimping  apood  per  unit 
volume  than  NEG  pimps  making  use  of  the 
coated  strip.  It  is  therefore  particularly 
well  suited  for  maintaining  UiV  standards 
under  high  gas  load  oonditions. 

n.  EBSIOI  OF  TBB  HIGH  OffiMCCIY  CXTIBl  HIM 

NBG  punps  based  on  modules  and 
cartridges  are  hicbly  optimized  structures 
in  which  the  surface  area  of  the  deposited 
getter  material,  as  well  as  the  effective 
sticking  probability,  i.e.  the  probability 
for  a  molecule  entering  into  the  gettering 
structure  to  be  captured,  are  maximized.  To 
further  increase  the  soo^ption  capacity  per 
imit  volvine  an  approach  has  been  pursued 
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itolCll  is  talpA  M  UM  0£ 

cpiftbMt  tadlM  irartind  of  tte 
■kn^Tll  bi^*****  of  tte  hijli  caiacity 
gfUtmt  paip  (HSnp)  prototyps,  tavlng  ttm 
wmm  dM  ond  flaniMi  of  •  dagidBitd  SMB  gp 
200  pnp  is  Aow  In  fig.l. 


FIG.  1  -  out  and  top  views  of  the  hig(h 
cepacity  getbor  pap  prototype 


Use  getter  cartridge  is  iTspnnwl  of  a 
cylinOrioal  array  of  nearly  parnllel 

pr»nrma  Hh<r*i  SCB 

insMcted  in  a  stainless  steel  retaining 
structure  and  act  as  tte  gettering 
eleMnts.  Gas  solecules  reach  the  gettering 
structure  directly  fros  tta  top  surface  of 
the  pop  or  fros  the  large  central  imer 
conductance.  Ihe  hladas  are  prepared  by 
nixing  and  sintering  proper  anount  of  St 
707  (Zr70%-  V24.5%~  fiB  5.5%)  and  ziroonioi 
powder.  The  nicroetructupe  of  the  sintered 


getters  has  been  ^padfically  optinleed 
during  the  neonifacharing  process  to  erihanoe 
porosity,  thuB  prodding  a  better 
acoeesihility  for  the  ges  snlecaalee  to  the 
avnilabla  gettering  eurfaoe  area.  Ihs 
gaoaetrioal  aiTangseent  of  the  blades 
inelde  the  oartrl^,  as  well  as  their 
nudoer  and  size,  has  also  been  optinized  in 
order  to  ensure  both  large  gas  condaotanoe 
between  adjacent  hlnrtes  and  hig^  trapping 
efficiency  for  the  soleouleB  which  have 
entered  the  gettering  structure.  Knowing 
ttm  intrineic  scrption  properties  for  the 
sintered  getters  and  applying  a 
sathnwitlrwl  sodel  based  on  Piomi's  sethod 
[8],  a  quite  accurate  prediction  of  the 
sorption  perf orsenoeB  for  HOGP  can  be  sede 
as  a  function  of  severed  pareeeBters  of 
interest,  such  as  pop  size  and  geoeaetry, 
noher  and  diseneion  of  blades,  lids 
approach  can  be  fbUowed  for  designing  hic^ 
capacity  pope  of  specific  desired 
perforsanoee.  A  detailed  disouaslon  of 
theae  aepects  will  be  presented  elsewhere. 
It  is  also  worthwhile  noticing  that  the  use 
of  pcroue  getters  allows  to  eLllocate  a 
quantity  of  getter  naterial  inside  the  pop 
which  is  about  3.5  tines  hi^ier  than  that 
available  in  a  ooaparable  sin  GP  200  (600 
vs  180  grass) .  Moreover,  the  arrangeennt  in 
blades  of  the  getter  naterial  is  such  that 
the  bigger  asDuot  of  alloy,  while  * 
raearkably  increasing  sorption  cap^ty  and 
speed,  does  not  poae  specific  handling 
probUsB.  Heating  of  Mm  getter  naterial 
daring  the  activation  prooees  and  Mm  pop 
operation  is  accosplished  in  the  prxjtotype 
of  fig.l  by  naans  of  a  IHV  laap.  The  getter 
operating  tciipnirntniL'o  is  controlled  by 
naans  of  a  themooouple.  ihanks  to  the 
relatively  United  asount  of  getter 
naterial  full  activation  to  500*C  only 
reguiree  250  watts.  External  heating,  even 
though  lees  attzuctive,  can  be  «dao 
provided. 

m.  FBOTIBHCEB  GP  THE  HIGH  CKEMCXIY 
GETCBt  POMP 

The  HOGP  has  been  tested  according  to 
Mm  dynasdc  flow  sethod,  as  doocribod  in 
detedl  in  reference  [9] .  Activation  of  the 
getter  naterial  was  carried  cut  at  500*C 
for  60  ninutee.  Purity  of  the  test  gases, 
adbdtted  to  the  getter  puap  through  Mm 
known  conductance  was  better  than  99.99%. 
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FD8.2  roGBi  tast’WWfuiTn  socptlcai  curves  (00, 
1^  and  I^)  for  ^  HQGP  protctype 


ragmaratlons,  fcr  oo  and  Sccpticn 
tests  ware  oanrled  out  at  looa  taqpacature. 
BipariBantal  results  are  ahoun  in  fig.a. 
Hdtial  iKwpIng  apsods  of  the  HOGP  fOr  00, 
and  tv'^brogsn  are  about  500,  300  and  1300 
l/s  raepsctivaly.  Ihe  00  socption  curve 
dBcreases  slcerly  %dth  the  sorbed  quantity 
up  to  about  10  torrl  and  then  it  rapidly 
drops.  Ihis  behaviour  is  a  clear  indioation 
of  the  porous  neture  of  the  getter  blades 
and  tile  hig^  conductance  of  tbB  cartridge 
structure.  Ihe  optisization  of  these  tuo 
parmstei’o  results  in  a  continuous  and 
efficient  sorption  process  ehich  goes  on 
till  the  getter  surface  is  nearly 
saturated.  For  hi/cdier  gas  load,  an  abrupt 
decrease  in  puqping  nptwl  'UlQes  piece, 
since  only  few  active  sites  are  still 
available  for  chesdeorption  and  roon 
teaperature  diffusion  is  negligible. 
SiidJar  behaviour  is  ahoun  by  nitrogen. 
Differently  from  00  and  l^,  and  in 
agipomant  (dth  literature  data,  no  decrease 
in  the  pusping  speed  for  hydrogen  has  been 
■oaourod  up  to  the  test  dose.  In  fact 
thaidcs  to  the  hicdi  diffusivity  of  hydrogen 
into  the  alloy  lattice,  'Oie  pisp  capacity 


for  this  gas  is  eoctraealy  hig^,  being 
practically  Halted  by  the  emrittlemnt 
mlue  only.  A  ocapariaon  betsaan  the 
sorption  ourvM  for  00,  and  of  the 
praaent  BQGP  [10]  and  those  of  the  CP  200 
piap,  baaed  on  the  pleated  strip  concept 
[11],  indicetas  a  sdastantial  increase  in 
puaping  speed  (a  factor  two)  and  capacity 
(a  factor  f iftem  at  1001/s) .  This  piap  is 
therefore  particularly  well  suited  for 
ttoae  applioBtione  there  a  hlg^  gas  load  or 
prolonged  sachine  operating  cycles  are 
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Abstraa 

Ektta  is  a  third-^HMratkHi  synchrotroa  Ufht  source 
which  is  beiiig  bidlt  especially  fisr  the  use  of  high  brilHsnce 
ladittioB  bom  inseitioii  devim  and  bending  magnets.  The 
UHV  conditkms  in  a  storage  ring  lead  to  a  longer  bemn 
lifetime  •  one  of  the  most  inqnrtant  criterion.  The  Elettra 
vacunm  system  presents  some  pecnlafities  which  cannot  be 
fonnd  in  any  dicady  existing  machine.  The  final  versioo  of 
beodmg  magnet  vacuum  chamber  is  preaemed.  After  chemicsl 

l.Se-12  Torr.  I  sec'*  cm'^  was  obtained.  A  microprocessor- 
controlled  system  has  been  developed  to  perform  bake-ont  at 
the  mafarm  temperature.  The  etched-fofl  type  heaters  are  gjaed 
to  the  chamber  and  Microtherm  insula^  is  used.  UHV 
pumps  baaed  on  standard  triode  sputter-ion  pump  were 
motfified  with  ST  707  NEG  (Non  Evapotable  Getter)  modules. 
A  specud  inatallatian  enaUes  the  resiative  activation  of  getters 
and  significantly  increases  pumping  speed  for  hydrogen  and 
other  residnal  gases  (except  mmhane  and  argon).  All  these 
techiKdogical  innovations  improve  vacuum  conditions  in 
Elettia  storage  ring  and  conaeciiiently  also  the  other  parameters 
of  our  tight  source. 

L  INTRODUCTION 

Third  generation  light  sources  are  dedicated  machines  to 
be  built  especially  for  the  use  of  radiation  from  insertion 
devices  ratto  than  from  bending  magnets.  High  brilliance 
exceeds  that  of  the  previous  generation  by  at  least  an  order 
magnitude,  but  high  beam  currents  require  a  sophisticated 
ultra  hi^  vacuum  system. 

Efettra  light  source,  which  is  being  built  on  Carso  hills 
near  Trieste,  Italy,  consists  of  three  main  parts: 

1.  The  1.S  GeV  full-injection  linac  already  installed  and 
tested  n  situ  (in  fittore  can  be  upgraded  to  2.0  GeV). 

2.  The  transfer  line  (TL)  from  linac  to  storage  ring.  TL  is 
93  m  long  pmnped  by  tiiirteen  60 1/i  qwtter-ion  pumps 
which  can  obtain  and  maintain  die  average  pressure  2.e-8 
mbar. 

3.  The  260  m  long  storage  ting  which  is  divided  into  six 
sectors.  The  ring  contains  24  bending  magnets  and  12 
straight  sections,  one  is  fcx  beam  injection,  1 1  are  for 
nuertion  device  tadiatioo  bemn  lines. 

In  the  storage  ring  the  UHV  conditions  are  necessmy  to 
dtasticidly  reduce  the  elastic  Coukunb  gas  scattering  and 
brerasstn^ung  which  stron^y  affect  the  beam  lifetime. 
Stored  beam  lifetime  due  to  gas  density  must  be  more  than  10 


hours  and  must  be  achieved  soon  nfkr  start  up  (short 
conditioning  time). 

Machine  parameters  charactoizing  the  Elettm  vacimm 
system  are  as  fcdlows: 


Beamenetgy,E 

1.5  (2.0) 

IGeV] 

Beamcunent.1 

400 

ImA] 

Beodiag  radius,  p 

5.5 

[m] 

Circimfercaoe 

260 

[m] 

Required  pressure  with  beam 

2.e-9 

[Toni 

n.  VACUUM  COMPONENTS  AND  MATERIALS 

For  Elettra  storage  ring  it  has  been  decided  to  adopt  the 
ante-chamber  solution,  which  is  very  attractive  from  the 
vacuum  point  of  view  because  of  the  efficient  removal  of 
desorbed  gas  for  awqr  from  the  dectron  trqiectories  where  the 
srmril  dhnensions  of  the  beam  chamber  limit  the  conductances 
and  then  the  punqiing  effectiveness. 

The  electron  beam  chamber  has  a  thondxndd  cross-section 
-  80x56  mm^  internal  dinieasions  and  2  ram  thickness  -  in 
order  to  fit  all  of  the  magnetic  elements,  its  specific 
conductance  is  30  l/li.  The  rhombordal  sluqie  is  obiahied  by 
odd-rolling  a  round  pipe  of  suitable  duuneier. 

The  bending  magnet  vacuum  chamber  is  made  by 
coupling  the  rhornboidal  charnbcr  to  the  ariiB-cfaaraber  obtained 
by  machining  a  6.5  cm  thick  stainless  steel  sheet  The 
rhombmdal  chamber  is  beat  to  the  appropriate  bending  radius, 
5.5  m  on  axis,  ud  cormected  to  the  ante  chamber  via  a  1  cm 
high  slot,  which  is  machined  on  the  outer  part  at  the  chamber 
in  order  to  let  the  synchrotron  radiation  photons  go  to 
eiqierimeaial  beam  lines. 

A  non-standard  sealing  technique  has  been  aiqdied  in  a 
number  of  vacuum  chamber’s  connections.  It  is  based  on 
VATSeal-type  gaskets  made  of  silvered  copper  with  a  small 
ed^  on  both  sides.  These  gaskms  have  been  extensively  tested 
in  laboratory  up  to  300  without  leaking  problems.  They 
required  about  8  Nm  of  sealing  tmque  and  due  to  their 
geometry,  diere  is  no  clearance  between  the  coiqiied  fhmges 
and  therefore  the  beam  inqiedance  omtribotion  is  muiimum. 

Another  important  device  to  be  installed  in  the  vacuum 
system  is  the  photon  absorber  (or  crotch  absorber).  It  sbmild 
be  installed  in  each  bendir^  magnet  vacuum  chamber  in  order 
to  absorb  about  70%  of  the  synchrotron  radiation.  Our  design 
of  the  absorber  is  based  on  an  OFHC  cqiper  block  on  which 
an  (X’HC  copper  pipe  is  brazed  for  cooling  water.  A  secmid 
brazing  to  a  sttunless  steel  flange  with  feedthroughs  for  watN 
assures  die  vacuum  tightness  and  facilitates  the  assembly. 


0-7803-12Q3-1/93$03.00  0 1993  IEEE 


3842 


A  4.8  m  long  vacuun  chamtMsr  has  been  desipied  for  IDs 
insiallatioa.  It  his  an  ell^ptksl  cioss-sectkn  whh  a  cylhMhk^ 
iBte^hualmr.  All  system  will  be  pumped  by  four  60  I/s 
SnPs,  if  it  will  be  necesavy,  NEG  modules  can  be  insetted 
inside. 

An  austenitic  stainleas  steel  ESR  AISI 316  LN  has  been 
chosen,  for  its  very  low  mag^ietic  permeability,  its  high  yield 
stress  and  well  known  wehhng  and  cleanmg  procedure, 
httetnal  surfoces  and  wdds  eiqposed  to  Ae  vacuum  must  be  free 
of  microinclusions  and  cracks.  Surfoce  roughness  must  be  less 
than  1  pm  and  free  ct  oxides  or  impurities. 

All  vacuum  components  were  carefully  cleaned  and 
finished  to  obtain  the  required  vacuum  level  (<l.e-10  mbar 
without  the  beam).  A  complete  surface  treatment  included  the 
following  phases: 

i)  Organic  solvent  degreasing  -  all  principal 
contaminations  were  eliminated  by  means  of  organic 
srdvents  as  the  acetone  or  Ae  benzd;  for  components 
contaminated  by  oil  an  additional  cleaning  wiA 
perchloreAyleae  at  120  was  necessary. 

ii)  Ultrasonic  washing  •  a  baA  in  phoqrtuueless  alcaline 
srdution  at  about  60  °C  for  minimum  4  hours. 

iii)  Two  phases  rinsing  •  the  first  wiA  nomal  wmer  which 
eliminated  detergent  residues,  the  second  in 
demineralized  water,  which  removed  the  impurities  from 
the  normal  water. 

iv)  Drying  -  a  hot  air  flow  dries  the  walls  and  prevents  dust 
dqxMition  on  them. 

Cleaned  vacuum  components  were  than  i»e-baked  and 
degassed  in  the  high  vacuum  oven.  This  treatment  is  believed 
1^  a  number  oi  authors  to  give  a  lower  desorption  yield.  The 
vacuum  oven  is  6  m  long  and  0.9  m  of  diametm-  cylindrical 
vessel  made  of  stainless  steel.  It  can  be  pumped  by  three  oil* 
free  turbo  pumps,  fore-vacuum  b  obtained  by  means  of  a  500 
Ibpbtonpotnp. 

Pre-baking  was  performed  at  350  for  24  hours,  while 
the  pressure  in  the  oven  decreased  down  to  e-7  mbar  range. 
Cooling  procedure  tocA  of  about  36  hours  and  on  the  mid  the 
pressure  was  better  than  l.e'9  mbar.  Before  opening,  the  oven 
was  saturated  wiA  dry  nitrogen.  The  components  were  then 
tdren  out  from  Ae  oven  and  immediately  covered  wiA  flanges. 
One  oi  the  flanges  had  a  small  pipe  to  flush  inside  dry 
nitrogen.  All  flanges  were  closed,  the  inpe  was  cutting  off  and 
as  fast  as  possiUe  cleaned  and  pre-bal^  vacuum  comptments 
were  stored  in  anti-dustbags  under  overpressure  atmosphere  of 
dry  nitrogen. 

in.  PUMPING  AND  MEASURING  SYSTEM 

Eight  moveable  roughing  pumps  ate  used  to  obtain  frxe- 
vacuum  iqi  to  l.e-7  mbar  in  the  storage  ring.  We  have  also 
developed  a  new  kind  UHV  pumps  based  on  stfflidard  triode 
qmtter-km  pumps  (SIPs)  combined  wiA  Non  Evaporable 
Getter  modules  (I>^)  St  707  (SAES  Getter,  Milano). 
Pumping  qieeds  of  such  modified  SIPs  wme  measured  for 
gases  H2.  N2  and  CO  m  our  laboratory  [1]. 


The  installmkm  of  additional  12  lumped  NEG  pumps 
(LNPs)  was  inevitable  in  a  straight  section  between  two 
magnets  where  a  SIP  of  cooqMtable  pimqiing  ^eed  cannot  be 
fitted.  Thb  pump  b  based  on  NEG  module  inserted  in  a 
rectangular  vacuum  chambm.  UHV  feed-through  b  used  to 
connect  the  NEG  module  wiA  an  external  power  unit  for 
activation  of  the  getter.  Pumping  qieeds  of  LNPs,  also 
deveh^ied  A  our  laboratmy,  wme  measured  at  different 
e:q)erimental  conditions,  as  w^  [2]. 

Totally  108  120 1/s  and  24  of  400  Vs  Varian  StarCdl 

punqis  modified  wiA  St  707  NEG  modules  are  used. 

The  total  pressure  m  our  vacuum  chamber  b  meamred  by 
ctA!  cathode  (Pennuig)  gauges  TPG  300. 

The  analysb  (tf  residual  gas  mixtures  and  partial  pressure 
measurements  are  performed  by  6  quadnqmfo  mass  aialyzers 
Balzers  421  (one  for  each  sector).  Linearity.  sNisitivity  and 
stability  tests  of  Ab  instrument  wme  done  m  our  laboratory 
[3].  Spectrometers  can  be  used  for  leak  checking,  bake-out 
monitoring  and  local  surface  outgassing,  when  radiation  hits  a 
surfime. 

IV.  BAKE  OUT  PROCEDURE  IN  SITU 

A  microprocessor-controlled  bake  out  system  has  been 
developed.  The  heaters  are  of  the  resbtive  dqx>sit  ovm  a 
Kapton  foil,  which  are  glued  to  the  chambm.  The  MicroAerm 
insulation  3  mm  of  Aickness  guarantees  the  uniform 
temperature  of  180  '^C  m  all  parts  of  vacuum  chamber.  The 
outride  temperature  does  not  exceed  95  (measmements  were 
perfrnmed  without  magnets  around  the  chamber). 

Two  control  systems  fm  boA  the  qiutter-ion  pumps  and 
the  bake  out  heatms  have  been  develc^^  The  first  enables  to 
power  four  SIPs  wiA  only  one  power  unit  There  b  a 
possAility  of  individual  rea^g  of  the  absorbed  current  and 
automatic  current  to  pr^ure  conversion.  The  second  allows 
us  to  obtain  a  very  uniform  bake-out  temperature  by  ramiwig 
of23®Cpa'hour, 

V.  RESULTS  OF  TESTS 

All  tests  were  measured  on  the  prototype  of  bmiding 
magnet  vacuum  chamber.  Bake-out  procure  wme  performed 
at  two  different  temperature:  150  and  180  **C.  As  it  b 
illustrated  m  fig.  1  -  the  lowest  ultimate  pressure  was  reached 
after  bake-out  at  180  °C. 

Ourprototype  was  pumped  by  two  120  Vs  and  one  400  Vs 
SIPs  and  one  LNP.  All  getter  modules  were  activated  at 
450  fm  45  min.  The  quadnipole  mass  analyzm  has  detected 
peaks  2  (H2^),  16  (CH4+),  28  (CO^  and  44  (C02*)  as  usual 
for  a  baked  UHV  system.  Watm*  peak  18  could  be  observed 
only  after  a  bake-out  procedure  at  150 

The  outgassmg  rate  measurements  have  been  performed 
connecting  the  bending  magnet  vacuum  chambm  li^t  port  to 
a  standard  test-dome  for  measuring  pumping  speeds  -  fig.  2. 
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situated  between  the  magnetic  elemeMs  so  a  reliable 
installation  is  very  difficult  if  standaid  CF  flanfcs  are  10  be 
used.  ThereftMe  we  have  developed  and  tested  ihomboidal- 
shaped  flanges  with  flat  surfhces  where  a  special  gadcet 
ensnies  vacuom  dgNness  even  after  prolonged  bdcet-out 

VL  CX)NCLUSIONS 

All  presented  technological  imiovations  mid  measurements 
led  to  improve  conditions  in  the  Bettia  vacuom  system.  We 
are  confident  that  our  light  source  and,  pnrticulary  our  UHV 
system  will  meet  all  te  qiecificatioos  before  machine's  start 
np  in  sepiamber  1993. 


Fignre2.  Bending  magnet  vacmmi  chamber  oatgassing  rate  measurements. 


0  5  10  IS 

Tint*  [•topo] 
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The  profotype  was  pumped  onfy  by  320  I/s  tuibo  pump. 
Oatgassing  rate  was  evaluated  by  the  throughput  method, 
pressures  Pi  and  P2  ^  lower  part  of  the  test- 

dome  were  measured  with  Bayard- A^xrt  gai^es.  The  qieciflc 
ootgaasing  rate  was  determined  after  both  bakeout  prxedmes, 
conequmding  values  are  15e-12  TorrJ.sec*'xm*^  and  3.0-13 
TflrrJ.aec**.an*^  at  130  and  180  respectively. 

Special  bellows  with  internal  RF  diding  contacts  have 
been  succesfnily  leak-tested  subjecting  them  to  many 
dionsands  mechanical  cycles  at  temperatures  higher  than  that 
foreseen  for  the  bake-out  in  siin  [4]. 

A  non  standard  flanging  technitpie  has  been  used  for 
connecting  the  beam  positioa  morion  (BPM)  to  the  vacuum 
chathber.  In  fhct,  there  are  more  than  100  BPMs  distributed 
arroimd  the  machine's  circumfeience.  Many  of  them  are 
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Ab^aa 

The  whole  vacnum  system  for  the  SPiing-8  stooge  ring  is 
ptanriiig  to  be  oompleiely  installed  in  the  ring  by  October 
1996.  The  vacnwn  dumber  for  the  stnsght  sections  consists 
d  a  beam  dumber  and  a  slot-isolated  antechamber  in  whidi 
NEG  strips  are  instdled  1b  sqipress  the  dumber 
defcrmadon  at  the  BPM  station  due  to  the  piessure  dffeienoe 
between  the  atmospheric  pressure  and  the  vacuum,  ribs  are 
mounted  on  the  chamba  In  the  bending  magnet  chamba.  a 
(istributedion  pump  is  also  installed  The  crotch  andObsoiber 
have  been  designed  to  redOce  thdr  RF  impedances  and  the 
ladation  levd  outside  the  vacuum  chambec  In  this  paper  we 
present  details  of  the  find  design  for  the  vacuum  chamber, 
croidi  and  absorbec  The  chamber  supporting  system  and  the 
stnicture  of  ribs  are  also  described 

I  INTRODUCTION 

The  SPiing-8  [11  is  a  highly  brilliam  synduounon  ndarion 
souioe  which  is  presently  under  oonstmction,  and  scheduled 
for  completion  in  1997.  The  vacuum  system  p]  forms  a  ring 
of  143to  in  dicumforenoe  and  consists  of  two  differently 
shaped  duminum-dloy  dumber  extnisions,  crotdies,  two 
types  of  absorbers  and  various  dumber  components  such  as 
bdlows  and  gate  vdves. 

lb  achieve  a  beam  lifetime  of  approximatdy  24  hours,  the 
vacwnn  chamber  with  its  pumping  system  should  be  desisted 
so  as  to  maintain  the  beam -on  pressure  of  Inlbrr  or  less  with 
a  diculating  current  of  100mA.  The  main  pumping 
system  is  based  on  non-evaporaUe  getter  04EG)  strips  P] 
which  are  usedin  the  straight  and  bending  dumbens. 
hi  adStion  to  the  NEG  strips  a  distributed  ion  pump  is 
installed  in  a  bendng  magnet  chambec  Lumped  NEG 
[4]  and  spotter  ion  pomps  are  used  at  the  aotch  and  absorber 
locations. 

In  our  vacuum  system,  synchrotron  radation  (SR)  is  almost 
intercepted  by  the  crotches  and  absmbers  i^aoed  just 
downstream  opstream  of  bendng  magnets.  An  only 
photon  emission  for  energies  less  than  lOeV  with  a  angular 
spread  larger  than  1  .Smiad  in  the  vertical  plane  is  intercepted 
a  slight  part  rtf  10mm  photon  beam  slot  walls  of 
chambers.  The  important  tasks  for  the  vacuum  system  should 
beoonsidetedas  1)  the  design  [5]  of  crotches  and  absorbers  a) 
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in  which  phofo^ectrons,  reflected  phototu  and  SR-induced 
ootgasses  are  efficiently  trapped  and  b)  which  can  withstand 
the  high  photon  beam  power,  and  2)  the  dbsign  of  the 
chamba  suppotu  which  can  ensure  the  daplacement  and 
deformation  of  the  dumba  within  the  accuracy  of  0.03mm  or 
less  a  beam  position  monitor  (BPM),  even  afka  repeated 
bake  cycles.  1b  avoid  the  excessive  laodhction  of  ozone  and 
corrosives  in  the  air  surroundng  the  vacuum  chambers, 
synchrotron  radation  shiddng  is  ootuidered  in  the  crotch  and 
absorba  dsign. 

yfk  are  planning  to  manufocture  only  one  cdl  to  estimate  the 
performance  of  the  vacuum  system  fiom  various  prants  of  the 
view  in  advance  of  manufocture  of  the  whole  vacuum  system 
composing  of  48  cells.The  manufiKaure  of  the  one  cdl  has 
rdreafy  been  started 

In  tMs  papa  the  crotches,  dnorbets,  vacuum  chambers  and 
their  stpporting  structures  are  described 

n.  CROTCH  AND  ABSORBER 
Crotches  (CR)  are  placed  just  downstream  of  bendng 
magnets  (ffi^a^  absorbers  (AB2,3)  just  upstream  of  BM*s 
and  AB1,4  at  both  ends  of  the  stiai^t  sectioo  for  insertion 
devices  to  absorb  the  tadUaicm  that  passes  between  the  CR 
and  the  dectron  beam.  An  about  30%  of  the  bendng  magnet 
radaiion  is  absorbed  by  the  disorbets  [2].  Thus  synchrotron 
radation  is  almost  intercepted  by  CR's  and  AB's,  and  not 
intercqited  by  vacuum  chambas.  bometiic  views  of  the  CR 
ok!  AB1,2  are  shown  in  Figs.  1  and  2,  reqiectivdy  Structure 
of  the  AB3.4  followins  the  CR  is  simiUr  to  that  of  the  CR. 


Figl.  Isometric  view  of  the  crotch 
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Fjg!2.  Isometric  view  of  theabsoiber 

An  initui  dseign  for  main  bodes  of  the  AB3.4  and  CR  was 
basedon  CFHC  coppec  This  initial  design  was  abandoned  and 
pmaem  one  changed  to  be  an  Al-all(^  extnision.  As  the 
bo^  materials  the  copper  is  better  than  the  Al-alloy  because 
of  lower  photodesoqNiott  nte  compared  to  that  of  the  AI- 
alloy.  Rcgardess  trf  this  matter,  the  reason  that  we  choose  the 
Al-illoy  is  redaction  of  the  cost  doe  to  an  easiness  ctf 
fobrication.  R  we  compare  two  cases,  an  activmion  interval  of 
the  LNP  to  be  used  at  the  crotch  and  AB3.4  locations 
becomes  shorter  than  that  in  the  case  of  using  the  copper 
because  ci  an  earikr  decrease  of  pumping  qieedt  doe  to  higher 
photoifcsoiptioo  rate  of  the  Al-idloy.  This  brings  an  increase 
of  die  pressure.  At  the  beginning  of  the  machine  tqieation. 
this  becomes  some  problem  but  would  not  cause  a  critical 
one. 

Hie  number  <rf  photon  absorber  inserted  in  the  CR  was  also 
changed  from  two  photon  absorbers  to  one.  This  is  for 
redicing  the  SR  power  and  its  dasity  inadaied  at  the  CR  by 
increasing  the  SR  that  passes  between  the  CR  and  the 
dectron  beam.  Thus  the  thermad  load,  in  particular  power 
dbnsity  that  was  a  critical  problem  in  the  initial  design  is 
riaxed  and  we  can  make  the  CR  design  easy. 

The  photon  absorbas  are  made  of  GlidCq;>  (A1  and  AI2O3 
dapersioo  strengthened  oopp^  because  of  the  high  dhw^le 
dietraal  stress  ot  60  kgfmm,  compared  to  10  fcg^mm^  of 
CX^HC.  Hie  thermal  andysis  results  ci  the  crotch  have  been 
described  elsewhere  by  Y.Morimoto  et  d.[6]. 

Thecaotch  andabsorberhave  the  struaure  in  which  partides 
aach  as  reflected  photons,  j^to-dectrons  and  SR-induoed 
outgasses  me  effidendy  trapped,  and  are  dso  designed  to 
redioe  thdr  lU^  inqiedmoes.  SR-indiced  outgasses  are 
evacuated  locaUy  by  the  high  a|waty  pumping  system  before 
the  outpsaes  hare  a  chance  to  bounce  into  the  bm  chamber 
The  pumping  system  is  composed  of  a  iunped  NEC 
pinnp(~S00 1/s  at  die  CR  andSSO  1/s  at  the  AB  fix  CO)  fix 
erecoating  and  CO  psses,  anda  flutter  ion  pump  (60  I/s) 
fix  CNI4  and  melt  gasses. 

The  photoii4>eara  power  (or  maximiun  power  density)  per  a 
crotch  is  of  about  S  kW  (~30  kW/cm^)  and  the  energetic 
photon  spectrum  is  extended  to  energies  in  the  several  100 
keV  rai^  'fo  avoid  the  fixmation  of  ozone  and  nitrogen 
oxides  in  the  air  surrounding  the  vacuum  chamber,  the 
crotches  and  absorbms  hare  been  designed  to  be  shiddbd 
against  synchrotoron  radiaiion.  As  mentioned  drove,  the 


photon  absorbers  are  of  igiproKimately  3-cm  tWctaiess.  The 
photons  of  energies  less  tiM  80  keV  are  almost  stopped  at 
the  photon  absorbers,  but  those  higher  than  about  100  keV  are 
ereapedfiom  the  crotches  and  absorbecB.  Owing  tothenormd 
incidenoe  of  the  synchrotron  ladation  on  the  photon  absorber, 
the  attenuation  aJtog  the  dhect  phmon  path  tmversing  die  3- 
cm  thickness  is  of  the  order  of  10*^  at  the  photon  energies  of 
200  keV.  Tb  reduce  further  the  raiation  levd  outside  the 
vannim  chamber,  ackfitiond  shidding  is  necessitated  The 
shielcing  for  the  crotches  is  provided  with  tungsten  of  a  3- 
mm  thick  plate  on  the  {dioton  absorber  as  shown  in  Fig.  1. 
and  the  lead  shiddiilg  with  a  4>mm  diick  plate  fix  the 
absorbers  is  provied  (see  Fig.2).  The  attenua^  with  the 
adf  tional  shading  becomes  of  the  order  ot  lOT^fix  the  same 
photxi  energies. 

m.  VACUUM  CHAMBER  AND 
ns  SUPPORTING  SYSTEM 
A.  Vaaum  Chamber 

The  vacuum  chamber  fix  the  straight  sections  consists  of  a 
beam  chamber  and  a  slot-isolated  antechamber  in  wfakfa  NEG 
strips  »e  instdled 

The  bendbig  magnet  chamber  indudes  a  rectangular  pomp 
charuid,  a  beam  chamber  and  a  slot-isolated  antechamto  in 
whidi  NEG  strips  are  instdled  Hie  separation  wdl  between 
the  beam  diamber  and  the  pump  channd  is  perfixated 
dlowiiig  the  chamber  to  be  evacuated  by  means  of  a  pump, 
the  so-called rfistributed  ion  pump  (see  Fig.3). 


Fig.3  Cross  section  of  the  benfing  magnet  chamber 

These  diambers  are  6063  TS  duminom  extrusions  and 
contain  water  cfaannds  fix  cooling  and  bakeoitt.  A  150C 
bakeout  is  achieved  with  pcHtable  water-heating  units.  The 
chamber  is  coveted  with  thetmd  insuldion  to  reduce  bed 
losses.  The  LNP,  gauges  and  bdlows  are  baked  with  heating 
decrrical  tapes,  and  vdves  baked  with  mantle  heaters. 

The  duminum  end  flanges  are  joined  to  the  chamber 
extrusion  with  incomplete  penetratum  wddnents  not  to 
ai^earthewddbeadon  an  inside  surfoce  of  the  beam  chamber 
fix  low  RF  impedance. 

Chamber  deformation,  at  the  locations  of  BPM's  due  to  the 
pressure  dfference  between  the  atmos|4ieric  pressxe  and  the 
vacuum  is  drout  0.14mm.  vriiile  die  defixmation  letpiiredfx 
the  K*M’s  must  be  within  the  aocmxKy  of  0.03mm  or  less. 
Tb  suppress  the  defixmation,  two  ribs  are  mounted  just  beside 
the  EPM  on  the  chamber  as  shown  in  Fig.4.  The  BPM  is 
instdled  to  the  diamber  with  a  laser  beam  wddng  (Fig.S). 
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Chtmber  with  ribs  at  the  BPM  station 


Plan* 


Fig.S  Mount  oi  the  BPM 


B .  Chamber  System 

A  chMihersmip^iV  system  far  the  typicri  atoight  aectioe 
is  dKwn  in  Fig.6.  IWo  or  three  Nfi|MMs  fet  a  aectioo 
(hpen^g  on  the  iriacettf  the  section  an  med.Onesiviiaa  is 
rigid  and  does  not  allow  chamber  motion  in  any  dbectian.  ft 
is  located  near  the  end  of  the  diambec  One  of  other  two 
stvparts  is  oompoaM  of  a  leaf  qnng  and  the  support  with  a 
rotational  bearing  allowii^  a  chamber  tbennal  erqiaosion 
along  the  ekctron  beam  drection  dbting  the  chamto  bake 
cyci&  Its  positioo  is  located  near  die  another  end  of  the 
d^bet 

The  last  one,  \riiidi  is  used  for  the  longest  one  of  three 
stzai^t  sections,  is  located  appioxiinaidy  at  the  both  center 
of  die  aaction  and  for  suppoitmg  the  chamber  we^L  Ibe 
peif^anoe  of  the  siqjporting  system  has  eqxrimentaUy 
been  confirmed  [7].  The  bendng  magnet  chambm  use  three 
sigipoits.  IWo  slicing  sltt  guides  are  located  at  the  ends  of 
the  chamber  to  allow  themud  expansion  in  the  approximate 
beam  drection.  Ibecenter  support  is  rigid  one  and  constrains 
the  chamber  in  ariy  drecti on  during  the  bake  qfde. 
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Fig.6  Chamber  sqiporting  system  fijr 
the  typicd  strain  section 
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A  anr  awfato.  SYNRAD,  hai  tees  added  to  tka 
kfOLFLOW  [1]  aoitiwwe  padcafa,  aaowiaf  fta  Moatacario 
OdQ  daadatiaa  of  qwhiQtna  cadialiaa  aaaaaaoB.  Ike 

taoaaatrical  liiww  ilimiBainaal  (3D)  diatribalioa  of  fta 
photoaa,  jimwnr  amt  aaecgjf.  aad  apactea  caa  be  calmiatad  A 
andaloffta  vaeaaaidiaagbar  ia  feoanlad.  aad  dia  profilaa 
of  m-mdaead  deaoiptkai  am  obtatoed  by  aieaaa  of 
SYNRAD.  *naBae  daBoaptioB  prafilea  are  dm  aaihadded  in 
the  vacmai  «*—*■>  model  and  dm  MC  peofiam  isr  fta 
caienlaliim  of  UHV  amfecalar  flow  ta  naed  for  obtaiatag 
relevant  tpiawHliae  aodi  aa,  aamg  ofoeta,  pwaawe  pioiika, 
anaBania  aaaad  afficianciaa  aad  *‘*ii‘*****ir*'^  Raaatta  of  dm 
^Vlkalkm  of  SYNRAD  and  lfOLnX>W.  and  oompari^ 
with  aoom  publiahed  data  will  be  given. 

I.  INTRODUCTION 

A  aomce  of  SR  caa  be  daaeribed  fiviqf  foe  load  of 
partide,  electron  or  proton,  aad  itaanatgyB,  beam  anaWanee 
aad  beta  fanrtkam,  logefoar  wlfo  dm  magnetic  fleld 
diatribniiaa  (2).  SYNRAD  calcnlatra  dm  tngectoiy  of  dm 
baaai  for  foe  givaa  ampmtic  fleld  aad  genenlea  photona.  in  a 
retorted  energy  renga  >bbx)*  •ococdiag  to  dm  reel 
diatribntioaa  {2,  3].  A  wy«tncing  algocidan  ia  imptomantnd 
whkh  followa  foa  photona*  tngeetoriea  end  keepa  tmdc  of 
dmir  aooiiag  on  planar  fooeta.  There  planar  fitoata  can  be 
defoad  naing  an  editor  pcognm  [1]  by  anana  of  adncft  3D 
modela  at  any  foape  can  be  analysed.  Aaalytkal  fonnnlas 
daacribing  dm  anaaeion  of  SR  do  aodat,  but  dmir  application 
to  real  Rib  gaonmtriea  ia  not  always  atwi^btfoiwaid.  For 
inslanoe  dm  aaniiaptimi  ci  infinita  diatanoe  from  dm  aomce 
point,  in  Older  to  are  tabalaled  angular  apactial  diatribationi, 
isn't  applicable  in  genand.  in  adfotioo  to  that,  dm  apactial 
distribaflooa  are  asadly  given  only  for  foe  veitieal  aa^  Y 
^  0.e.  dm  amianMn  an^  nmaaured  in  a  plane  ocdiogaoal  to 
dm  local  plana  of  the  oibit),  aad  fitde  or  no  nmntion  of  dm 
horizonbd  distribntion  aagla  X  caa  be  found  [4],  aioee  tmaany 
aa  iategntion  over  X  i>  considered. 

n.  THEORY  OF  SR  AND  CC»«FUTATIONAL 
ALGORITHM 

With  reference  to  Rg.  1,  four  aa^foa  6,  #,  Y,aad  x  can 
be  daltaad,  and  wID  be  need  in  dm  fidlowmg.  For  a  gtoen 
beamaneqgr,  foeloealiaifomttfcatvalBrepasafoactkmof 
foe «— g— field  B  is  computed  at  eadi  point  dm  beam 
tayactory,  and  foe  critical  energy  a^ia  obtained  by  naiag  foe 

^Y»'*»*>ymA,im.,tbrdnPA.Pmt.«fftreiy  eadwOomnatNe. 


foramla  s^  [eV]  s  2.960*  10 /p[io],  where  y  is  dm 
leladviatic  frctor.  Then  foe  nonnaliaed  energy  «/«c-  “ 
generated  folkwiag  dm  reel  SR  diatifootiaa,  according  to  dm 
fonetkn  (da  ia  dm  trajectory  are  dement) 


Rg.  1.  Definition  of  dm  angjee  6,  Y  and  %. 

in  naita  of  pllolaaa•s*^mrada)*l'nlA‘^0.1  %  bandwidth)*^, 
and  dm  vertical  angle  Y  ia  gauaataA  with  distributiao  [3] 


F(Y)-Fp+F„ 

(3) 

i+(tyP]^ 

(4) 

Fo(Y)-(TYp(l+rY)2K^2 

(5) 

where  F,  Fp  aad  Fg  are  dm  fonctioim  giving  dm  vertical 
distribintaaa  for  dm  total  SR  emHted  at  tlz^  and  for  dm  two 
componenta  whore  polarizationa  are  pareBd  and  orthogonal 
to  dm  local  pfana  dm  orbit,  iespectively(2].  At  due  point 
dm  horiaortal  angle  x  is  needed.  To  obtain  it,  foe  fidlowing 
fornaila  P]  giving  Fg  as  a  ftamtion  of  6  aad  4  is  used 

F«(l.|.T»e»r[(l-Y*e»  +2Y*e*ain»(4))*  + 
+Y*0*ain*(+)ooe*(b)] 

(6) 

where  6  and  f  are  converted  to  Y  and  X  naiag  dm  equadoos 
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®  «  cos“^(ooe(i')cos(x)) 

(7) 

♦  -tan-MtoW/Mx)) 

(8) 

TUt  algorithm  allowi  the  geaetatioii  of  each  photon  after 
cdUag  two  ronrinee  whicfa  generate  the  vertical  and 
horixmlel  <heliibationa  aepaiately,  inelead  of  — the 
vrinea  for  %  and  ¥  from  a  bi-riiiiieneional  diatribotion.  Thia 
ptocadnie  ia  frater,  and  givaa  good  agreement  with  the 
figurea  reported  in  liteiatiire.  If  a  cone  with  angular  aperture 
|6|<l/]r  about  foe  tmgant  to  foe  point  of  anniericin  ia 
conridered,  7/32  of  foe  total  tnlenaity  foonld  be  emitted  out 
of  it;  17/112  for  the  parallel  polaiizrtioo  and  11/16  fat  the 
orthogonal  one  [3].  hi  a  bendimaifc  run,  SYNRAD  generated 
aome  300,000  photone,  in  about  S  hours  tunning  on  a  SO 
MHx  486  peraoiud  computer,  and  foe  SR  power  emitted  out 
of  the  cone  was  0.22403  of  the  total,  a  foclor  1.024  times 
greater  than  the  foeoietical  value  of  7/32. 

Kg.  2  diows  the  scoring  of  the  SR  flux,  in  the  photon 
energy  interval  (10^,10)8^,  on  a  finet  orfoogonal  to  the 
beam  tngectory,  at  a  dietenoB  of  1000  cm.  The  horinontel  and 
vertical  widfo  of  the  flgure  covem  angular  intervale  of  ±  4.6 
for  bofo  YX  and  yT.  Note  foe  presence  of  two  «■««««"■  in  flie 
plane  T^O.O,  at  yx*  eccording  to  Ref.  5,  pag.  39. 


Fig.  2 

Uauafly  only  the  vertical  power  diatribotion  can  be  found 
in  literature.  R  is  eaey  to  cakailate  foe  spectral  dietribntione, 
i.e.  at  selected  photon  energiea  aj,  just  choosing  dm  photon 
energy  interval  about  S|,  wifo  lypropriate  bandwidth.  Each 
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ipienKtiwe  relevant  to  the  photon  energy  intecval  (Cg^, 
8|ggi):  foe  SR  power,  the  SR  flux,  foe  SR  power  epwctfum 
and  foe  SR  flux  qiectmm.  This  is  obtained  setting 
oppfiipMnqr  nw  winpHwo  oi  ino  wow  camwi  cwomwoocy 
Bod  ot&cikfaii^e 


m.  apfucahons 

Kg.  3  riwwa  two  dittenat  SR  flux  apectra  for  foe  SSC  at 
a  proton  beam  energy  of  20  TeV,  md  a  magnetic  field  of  6.6 

T,  in  foe  photon  energy  interval  (10^,10)8^,  8c»284  eV. 


Fig.  4  diows  foe  SR  power  qwctra  for  the  same 


Fig.  5  and  Fig.6  give  the  normalized  horizontd  and 
vertkal  dietribotions  for  foe  SR  flux  and  foe  SR  power, 
respectively.  The  angular  intervals  are  i2.5  mad  for  bofo  x 
and  T.  The  small  decream  in  foe  hMizontal  distributions 
around  x^O  is  under  inveetigatiQn.  Nonedwless,  foe  overall 
aocuraqr  of  them  results  is  good  udien  compared  to  analytical 
calculations  [6]. 
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Fig.  5  Nonflaliaed  SR  fhnt  y>c.tniiB  in  (0.02t4,  2840)  eV. 
SoHdthoriawm;  dottedrvwtical 


Kg.  6  NbniMdixed  SR  power  ^lectnim  in  (0.0284, 284(9  eV 
SofiddKxiaoottd;  dottednwrticil 

The  nmiwinn  of  ^  in  a  two  meter  long  section  of  (he 
SSC  bore  (nbe  in  die  aie  section  (7]  has  been  ehiwletrifl, 
Rg.7,  in  Older  to  calcolete  die  heig^  ot  the  ati^  n^ndi  is 
direcdy  iRaninalBd  by  St  photons.  The  sebtemied  arc  is 
0.198  antBans,  sad  dteSD  model  is  given  two-one  meter 
stnugjbt  secdoas  ^aoed  widi  a  small  angle,  0.099 
between  ten.  m  order  to  sinmlste  die  SSCs 
mdte  (rfcarvetme  of  lOlOQ  m,  wtt  die  Z  axis  coincideat 
wift  fte  proton  beam  Sieethm.  Photons  enitiag  fiom  die 
second  seelion  re  enter  fte  first  sectkm,  with  fHoper 

QBvIrVQD* 


Fig.  7  XY-view  of  die  model.  XZ^symmetiy  plane. 
IV.  CC»^CLUSIONS 

Some  of  the  possibilities  of  a  novel  pn^iem  for  die 
cdeidalian  of  SR-related  quantities  have  been  deacribed. 

SYNRAD  inns  on  486-baaed  personal  oompotecs  under 
DOS.  Rs  tpeed  has  not  been  opdmimd  so  hr,  and  tranalatioo 
ialo  FORTRAN  language  for  poftabOity  to  fiwter  ptoceseors 
win  be  implemented  m  foe  finure. 

SYNRAD  allows  a  simple  determination  of  SR  fluxes 
and  powers  under  diflerent  asanmptions  for  die  photon 
source,  and  udien  used  in  omgunction  widi  MOLFLOW 
provides  a  uakpie  tool  for  die  analysis  oi  SR-indnced 
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AbfMet 

MIT-Bates  linear  Aoederator  Center  is  now  in 
tbe  ffionMnissinmi^  stage  for  Ae  new  SouA  HaD  Riiv 
(SHR).  The  SHR  is  a  1  GeV  electroa  storage/stretdMr 
ring  a  190  meter  drcomference  and  is  designed  for 
drada^  bemns  of  80  mA.  The  SHR  vaennm  ^stem 
was  completed  hi  Jairaaiy  1993  wMi  commissioning 
starting  in  Fdmuny.  TUs  pi^  describes  the  design  of 
vaonm  qistem,  hardware  developed  and  operational 
performance  daring  commissioning. 

L  INTRODUCTION 

The  vaanm  qntem  fior  the  SHR  is  an  all  metal  system 
which  is  designed  and  coostmeted  to  operate  in  the  Uhra 
Ifigh  Vaennm  (UHV)  regime.  The  following  parameters 
have  been  nsed  in  the  design  of  the  vaennm  system: 

L  Energies  from  3  to  1  OeV,  maximnm  drcnlating 
currents  at  100  mA,  bending  radim  of  9.14  m.  This  yields 
a  maximnm  qmchrotron  power  loss  of  approxiniate^ 
IkW. 

2.  Design  goal  of  static  pressures  less  than  S  x  lO***  twr. 
Dynamic  pressures  of  2  x  10*  torr  with  a  stored  beam 
after  100  Ah  operatioa. 

3.  Abftity  to  recover  one  quadrant  of  the  ring  in  a  24  hr 
period  from  fanned  or  accidental  venting. 

4.  AhSBty  to  monitor  pressures  wkh  a  computer  interface 
and  to  log  data.  Use  of  residual  gas  analyzers  (RGA)  to 


tedc  diedc  and  diagnose  proUems. 

5.  Minimum  service  life  of  10,000  cydes  or  lOJXX)  hours 
on  all  equipment 

6.  Use  <d  316L  stainless  steel  and  Conflat  type  in 
most  omstmetion.  Very  large  flanges  use  Hefiodlex  Ddta 
Seals. 

7.  Alnlity  to  perform  in  situ  bakeout  to  150  C 

8.  All  vacuum  equ^ment  pumping  ports, 

chambers,  valves,  beam  monkors,  bellows,  and  tranrition 
sectiems  are  desipied  with  a  unooth  internal  bore  to  Ihnit 
beam  induced  RF  wake  fiehb. 

n.  OPERATION 

Frmn  atmosphere,  onfy  one  quadrant  d  a  time  maybe 
roughed  out  Rrst,  a  dry  diaphragm  pomp  is  used  to  get 
to  27  in.  Hg  and  then  a  large  liquid  whmgMi  cooled 
sorptkm  system  with  capacity  of  1.7  million  torr-Hters  is 
used  to  pimide  a  totally  ofl  free  pump  out  from  atm.  to 
5  X  10*  torr.  At  this  pressure,  the  starcell  triode  ion 
pumps  easify  start  and  quickly  adneve  5  x  10*  torr.  AO 
(Opde  ion  punq^  and  dqxde  vacuum  diambers  have  a 
di^  current  heated  ST  707  non-evaporable  getter 
pumps  (NEGs).  We  then  activate  the  NEGs  for  one  hour 
at  400  C  n4ule  monitoring  the  Ion  pump  current  to  keep 
tlm  entire  system  m  the  10*  torr  range.  After  aU  the  ion 
pumps  and  NEGs  are  operating,  the  base  static  pressure 
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faid%4MVito5x  10*.  After  abmt  •  wod^  ptwnm 

ftMNMM  to  behi«m  3 1 10*aad  8  X  tor*  oriMd^ 

m.  1»PQLE  VACUUM  CHAMBERS 

DtofB  mpb  ifailBOS  23L3^  dIpolo  'vsccrmb  dittHkbovs  ut  tiho 
SHR  kttke  (Me  Flfore  1>.  IIM9  »e  ftlirkated  firom 
eoMMerdd^  raiUbfe  x  7  x  .120  mdl  316L  rteblen 
■led  farteeteler  tobtof.  3140.  me  dneea  for  itt  low 
wuertir  pciriiMirflititT  TV  tifoint  ii  firnf  thr  herd  mgr  in 
20  foot  eectioee  to  •  ndfoe  of  9.14  m.  Tlw  beat  tube  k 
tbea  BMiMned  for  tbe  NEC  electikd  feedtbranifts, 
qfadrotrox  ii|bt  ports  sad  to  food  length.  After  a 
Aemicd  cfoaahn,  toe  fleagBS  and  ports  are  TIO  welded 
wng  atgoa  as  a  bacftiag  gas.  After  a  find  dean,  all  the 
dtoniberB  were  mounted  to  teat  setiq>  uftere  they  were 
punned  down,  leak  and  RGA  diecked,  and  baked  at 
200  C  fiv  48  to.  AH  chambers  readied  5  x  IQ-**  torr 
before  b^ig  removed  Cram  the  teat  aetqp  and  installed  in 
toe  ring. 

tooorporated  into  the  dqpole  vacaom  diambers  k  a 
NEO  atr9  which  gives  locafized  pumping  to  desorbed 
gctterable  gases  (to  eiamde  Hbi^OjiCo).  The  atrqn 
are  hdd  to  toe  inside  radins  of  the  diamber  tm  Macor 
pacers  and  connected  to  the  outside  by  two  hi(^  current 
feedtoromhs.  The  NEO  k  a  non*magaetic  Conatantan 
atrip  with  a  Zr-V-Fe  composition  dntmed  on  to  it  The 
NEO  k  activated  by  paaaiiv  SO  A  through  it  causing 
resktive  heafiqg  to  400  C  Ihe  atrh^  have  a  Ugh  pompii^ 
speed  of  .7 1/s/cm’ for  H}.  At  pressures  omsioned  in  the 
ling;  actowtian  will  oohr  be  needed  twice  a  year. 

Attatoed  to  the  eiterior  of  the  dqude  chamber  are 
water  coofing  diannrJs  to  dksipate  the  thermal  kiad 
caused  by  qintorotron  radiation.  The  cot^ng  k  provided 
to  Unit  dto  tea^eratme  rise  caused  by  the  very  locafized 
hratiug  Rfito  a  qmchrotron  power  loss  of  1  kW 
distributed  around  ^  ring,  the  fiaear  power  flux  would 
be  .17  W/cm.  With  a  minimum  beam  hei^  of  1.15  mm, 
toe  local  power  flux  k  U  W/cm*.  Tbe  water  coolii^ 
toanndl  k  ogudde  of  dksipntnig  tok  load. 

IV.  VACUUM  HARDWARE 

TUs  section  gives  a  brief  summary  hardware  in  the 
SHR  vacuum  system  as  well  as  operation  esqperieaoes. 
Tbe  ion  pne^  were  purdused  on  the  bass  of  coat  The 
Stared  ion  pmnpe  are  three  Afferent  sizes,  60  1/s  for 
straight  sections^  Dftl/s  with  torect  heated  ST  707  NEC 
for  the  arc  sections  and  230  l/s  for  the  septum  magnets 
and  Udters.lbere  are  a  total  ^  51  km  pumps  in  the  ring. 
These  pun^  are  extrensehr  eaqr  to  start  off  a  sorptiem 
pun^.  Idn  pumps  are  star^  with  latge  power  st^plies 
and  toen  switched  to  3  mA  holding  power  si^plies 
developed  for  MfT  by  a  local  company,  Kemco  Inc.  AH 
power  suppHes  are  moiutored  and  controlled  by  a 
computer  in  toe  rmg  control  room.  Twmdy  HPS 
inverted  magnetron  grages  monitor  the  vacuum  and 
provide  se^oints  to  operate  the  valves.  These  gauges  read 


from  1  z  Iff*  to  5  xlO*  torr.  These  units  have  performed 
wdL  Thn  RGA  bends  are  dso  instaHed  in  dm  rmg. 

A  large  ansount  of  detaHed  eagjkeering  effort  was  put 
into  developing  aesooto  bore  hardware  nUch  meets  dm 
req^dreescats  of  low  Uj^ber  order  mode  losses.  The 
hardware  indodes:  16  smooth  bore  pmnping  tee  transitian 
which  aHows  for  ion  pumping  in  a  region  nhkh  swhdms 
from  6*  z  7  rectaageiar  to  2  1/7  ckcUar  crom  section, 
14  samoto  bore  mtcrc^tiag  beam  targets,  22  button 
beam  position  monitors  (BfMsX  12  smooth  bore  stripHne 
BPMs,  6  RP  shielded  gate  valvea,  60  smooth  bore  beHows 
mid  a  RF  cavity  coHimator  pumpmg  tee.  Some  «t*««gf— 
were  modeled  hf  accelerator  physics  using  MAFIA'*’  to 
study  unwanted  modes  vriudi  coidd  lead  to  coiqiled  buadi 
inatsbiHties.  Ako,  aH  hardware  was  measured  for 
looghudiaal  impedance  on  a  teat  setiqi  wUdi  looked  at 
frequencies  to  10  GHz.  Hgures  2  and  3  below  show 
measurements  of  bellows  without  shidd  and  with  shield. 


Coupling  Impedance  of  Beilow 


Frequency  (GHz) 


Coupling  Impedance  of  Bellow 


0?  23496789  C 

r requency  (GH7) 


Figures  2  and  3. 
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larili  to  «  «*  dtoiped  liy  Itoke  Uaiwsni^  to  toe 
Pa.ltoii  llfwtomeeieUedbAmitokiiit  ditoldedby 
■  toanr  tolw  itoitoi  f  tymtft*  both  ndh 

Nito  a  bM|Stoi  copper  Aa^  Prodecli  Loveeitac 
toidh  iMki  a  aoU  RF  ooolact  oa  boto  eada  RF  tctoi 
laiaed  toe  eoataet  oa  boto  eadi  to  be  toe  aioto 
aq^ortiat  criteria  for  a  pood 
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Other  dettoled  vaaaaa  detiga  woto  was  on  toe  Energy 
CoMpreidoa  SjateM  dipole  vacaom  chambors.  They 
were  auideled  nsing  SDRC  Ideal  FEA  code  (Figure  S). 
The  parti  were  CNC  laier  cut  from  316L  itainleii  ited 
■ad  TIG  welded  togtoher. 


V.  CX)MMISSIONING  TESTS 

The  vaamm  qntem  for  toe  SHR  wai  competed  ia 
Jaaaary  1993  aad  rommiiiioBiag  toarted  ia  Febrairy. 
Bme  vaamm  aroaad  toe  rfog  wai  ia  toe  hi|b  UT**  •  low 
ET*  tocr  raage.  Takito  operation  wm  to  300  MeV  with 
very  low  carreati  to  1-3  mA,  ia  toe  iton^  mode  witooat 
RF.  Stonge  timei  were  limited  by  hmei  doe  to 
qiadaotroB  raditoioB.  The  vacaam  remained  oadiaaged 
toroagbont  them  teOi.  After  luccewfal  itongB  to  low 
canetoi,  toe  ring  wai  brought  to  40  mA,  half  toe  dedgn 
cnrreat,  aad  the  vacanm  ia  toe  arc  lecdoai  rom  to  about 
2  X 10*  torr.  Bam  pteiaorei  oontmued  to  iaqirovB  after 
beam  wm  ihto  off.  Ahhou^  the  vacuum  qatem  ii 
drdgnfd  for  in  ata  bakeout,  we  have  not  btoced  any 
componenti  after  intoallation.  More  mctioB  vacuum  vaivei 
are  to  be  imtalled  lo  to  fimit  the  amount  of  beamfine 
wUto  need!  to  be  vented  to  work  on  a  mction. 
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Abmut 

During  the  last  twenty  years,  highly  transparent 
vacuum  chambms  adiqited  to  the  requirements  of  the 
detectors  have  been  installed  in  die  experimental  regions  of 
the  CERN  odliders:  ISR,  SPS  and  LEP.  The  general 
method  of  design  of  the  chambers  is  described:  criteria  for 
the  chmee  of  materials,  methods  of  determining  the 
mechanical  parameters,  manufacturing  methods, 
environmental  constraints, ...  An  overview  of  possible 
hmne  omcqits  is  also  presented,  in  particular  the  use  of 
new  materials. 

I.  INTRODUCTION 

The  vacuum  diambers  for  the  experimental  regions  (tf 
the  colliding  beam  machines  are  the  main  physical 
intBifaces  between  machine  and  detectors.  Consequently, 
their  design  is  determined  by  sometimes  conflicting 
lequitements.  but  drawbacks  for  the  particle  detection  due 
to  the  necessary  presence  of  the  p^  could  be  minimized 
by  a  carefully  t^timized  approach.  No  unique  solution 
exists,  but  the  aim  of  this  paper  is  to  try  to  give  general 
guidelines  based  upon  experience  acquit^  during  the  last 
twenty  years  on  CERN  colliders:  ISR,  SPS  and  LEP  [1], 
[3],  [S].  After  recalling  the  requirements,  design  strategy 
will  be  followed  by  general  hints  on  slu^  and  materials 
mid  some  remarks  on  manufacturing  and  an  extr^latkm 
to  future  machines. 

n.  REQUIREMENTS 

General  consttaints  from  a  collider  together  with  those 
from  an  experiment  lead  to  die  main  design  paiametms,  but 
more  factors  specific  to  the  machine  type  or  to  the 
detectors  have  to  be  added. 

On  the  machine  side,  the  vacuum  chamber  should 
obviously  have  an  aperture  large  enough  to  allow  the  beam 
envelope,  including  all  running  conditions  (injection, 
mable  beams,  ...),  to  go  through  and  a  suffleient 
conductance  to  keep  the  required  ultra-high  vacuum.  A 
perfect  electrical  continuity  is  also  a  prerequisite.  But  one 
most  also  add  specific  requirements  such  as,  for  an 
electron-positron  machine: 

-  protection  against  synchrotron  radiation,  either  large 
qiertim,  in  Oder  that  no  particle  hits  the  wall,  or  masks, 
to  Umit  the  particle  interactions  to  local  zones; 

•  anooth  section  transitions  to  minimize  hi^-freqoency 
losses. 

The  beam  pipe  should  be  compatible  with  the  rapidity 
coverage  tdT  the  experiment  The  main  parameter  is  its 
transparency  to  emerging  partmles  but  other  phenomena 
tmve  to  be  taken  into  account:  shielding  against 
ekctiomagnetic  noise,  unwanted  background  created  by 
collisions  with  residual  gases  or,  in  electron-positron 
machines,  by  synchrotron  radiation  photons.  A  efficient 


clearance  betwemi  the  extenud  envelope  of  the  bman  pqie 
and  the  innm’  layer  (rf  the  vertex  dete^  is  also  very  otun 
a  prime  parameter  for  the  installatioa. 

Finally,  it  should  be  borim  in  mind  that  adequate 
supports  are  of  prime  importaiKe  in  the  design  of  a 
vacuum  chamb<7  and  that  forgetting  this  fact  in  the 
conception  of  an  experiment  may  lead  to  rather 
uncomfortable  sihiations. 

m.  BEAM  PIPE  SECTION 

Having  established  the  boundary  conditions  of  the 
design  {noblem,  it  is  now  possible  to  determine  the  general 
shape  of  the  beam  pipe.  A  lot  of  imagination  can  be 
incorporated  at  that  stage,  but  the  solutions  ate  usely 
variants  of  basics.  Fbr  example,  all  the  vacuum  chamber 
types  ever  installed  in  the  ISR  have  been  already 
determined  in  the  early  days  of  the  machine{l]. 

The  flrst  questkm  is  the  section:  eithim  circular  or 
elliptical.  An  elliptical  section  can  be  matched  more 
clo^y  to  the  beam  envek^  and  allows  a  minimization  at 
the  distance  between  the  first  layer  of  detection  and  the 
interaction  point  But  the  increase  of  the  wall  thickness,  a 
consequence  of  a  weaker  non-circular  section,  hampers 
considerably  the  above  advantages  and  leads  usuidly  to  the 
lelinquishnient  of  this  more  complex  option. 

Circular  tubes  which  could  be  cylindrical  or  conical 
with  various  wall  constructions  will  be  detailed  below. 

IV.  DESIGN 

The  very  large  quantity  of  beam  pipe  types  leads  to  an 
impossibility  to  inovide  a  fully  gene^  draign  method. 
Guidelines  will  be  given  for  the  simplest  bram  pipe,  a 
smooth  circular  cylindrical  tube.  After  definition  of  the 
main  parameters,  it  becomes  possible  to  optimise  the 
project  in  analysing  their  sensitivity  to  any  variation. 
Vacuum  mid  mechanical  behaviours  are  treated  sqiatatdy 
but  they  interfere  one  against  the  other  during  all  the 
design  process. 

A.  Vacuum 

The  static  pressure  in  the  beam  pipe  is  affected  by  the 
outgassing  rate  of  the  material,  the  conductance  the  tube 
and  the  location  and  type  of  the  pumps.  It  can  be 
dononstrated  that  the  pressure  difference  bmween  die  centre 
(Prau)  mid  the  extremities  (Pq)  of  a  cylindrical  tube  of  a 
diameter  D  and  of  length  2L  with  two  end  pumps  is 
independent  of  the  pumping  speed.  Based  upon  LEP 
experience  on  aluminium  tubes,  a  conservative 
qjproximation  this  difference  is 

Pmax-Po»  1.3 X  10-12  (L/D)2  (Pin Tort). 
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TIm  biM  piMWfe  Po.  depeodaot  of  die  avaiteUe 
pimpiiil  sp^.  ia  determined  by  background 
oonafalBmilonB.  Fignrel  shows  die  pnasnie  corves  for  two 
typical  valnes  of  L  As  an  exanqde,  to  run  m  a  maximum 
pressure  of  about  10*^  Tonr,  a  practical  qpper  limit  for  the 
pressure  diffsrence  woidd  be  h^  of  this  value. 


Hgure  1.  Pressure  difference  between  interaction  point 
Q*max)  and  pomps  (Po) 

B.  Mechamcat  behaviour 

The  main  loads  applied  on  a  beam  pipe  are  die  external 
pressure  due  to  vacuum  and  the  own  weight  of  the  tube. 
They  lead  to  buckling  and  bending. 

For  a  long  smooth  cylindrical  tube,  the  minimum 
thickness  t  required  to  avoid  linear  buckling  (non-linear 
Ufoication  before  yiddin^  undm  vacuum  is 


Figure  2.  Geometry  of  boyllium  bemn  pipes 

Therefore,  after  having  defined  the  vacuum  pressure  in 
running  conditions  based  upon  background  considerations 
and  after  having  defined  the  location  of  the  punqis  and  the 
siqqxxt  points,  geometrical  and  material  paramei^  can  be 
disoissed. 

V.  SHAPES 

A  drcular  tube  could  be.  in  the  order  of  irumufocturing 
complexity,  smoodi,  ring-stiffened,  conical  (simide  or 
mul^le),  corrugated,  a  sldn  in  tensirm  between  tings, ... 
The  transparency  of  ibo  first  three  options  is  compared  in 
Fig.  3.  ( The  ring-stiffened  tube  is  a  O.Smm  thick  cylinda 
reinfoiced  by  ribs  O.Smm  thick,  4.Smm  in  height,  evenly 
spaced  by  fiOinm). 


t  =  58^|^D. 

with  a  safety  factm  of  4,  E  and  v  being  respectively 
Young's  modulus  and  Poisson  ratio  of  the  material  (S.  I. 
units). 

But  too  long  a  distance  between  siqiports  may  cause  a 
coiqding  betwemi  bucklmg  and  bending  (ovalisadon  called 
the  Brazier  effect)  leading  to  an  earlier  fiulore.  Bending 
bdiaviour  depend  considerably  upon  the  supporting 
method;  an  example  is  given  below  to  illustrate  this 
phenomenon.  For  a  beam  pipe  simply  supported  only  at 
the  level  of  the  pmnps.  assuming  that  the  maximum 
deformation  should  be  1^  than  die  waU  dikkness,  the 
miniinmn  vdue  of  t  is 

3  E  D’ 

when  pg  is  the  qiecific  weight 

Hgnre  2  summarizes  the  apfdicadon  of  this  mmhod  to 
qrlindrical  beryllium  tubes.  However,  it  should  be  noted 
^  diis  is  die  wmse  supporting  case  and  that  an  extra 
support  poirit  improves  sig^cantiy  the  situadon. 


Hgore  3.  Tranqiarency  versus  pseudo-rqadhy 

The  smoodi  circular  tube  is  the  sim|dest  beam  pipe  but 
its  pmformances  at  high  nqiidity  are  very  poor.  The  ring- 
stiffened  tube  is  a  way  to  minimize  the  wall  thickness 
while  keqiing  the  smoothness  of  the  internal  wall  Awi^ 
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10  open  «  window  at  high  n4>idity  is  a  cone  but  the 
allawaMe  mnaition  angles  are  limited  in  some  machines 
(IS*  at  LEP)  and  the  path  length  inskte  the  conical  wall 
(oomspoodtag  to  the  ^junq>)  becomes  aiintranly  large; 
the  hM»  drawback  is  even  anqplified  by  the  fact  that  the 
htteractian  aone  is  not  a  point  but  finite  and  that  chai]^ 
particle  tradra  are  curved  in  a  magnetic  fidd  Aconragated 
tnbe  is  an  elegant  way  to  minimize  the  wall  thickness  at 
low  r^Mity  but  at  higher  nqndity  the  numb«  of  wall 
crossings  b«»mes  prohibitive  and  this  sort  of  tube  is 
unacoqittUe  in  electron-positron  machines.  All  attempts 
to  mannfiKture  a  skin  uiider  tension  have  shown  that  the 
ring  mass  becomes  prohibitive  and  the  transfer  of  the  large 
forces  involved  to  the  supports  is  a  jnoblmn.  especially 
wUi  nowadays  light  tradDm 

VL  MATERIALS 

For  the  same  design,  the  gain  in  transparency  obtained 
in  using  one  material  instead  (tf  anotho'  can  be  determined 
in  aratioiialized  way  [2].  Considering  the  elastic  budding 
as  usual  faUure  m^  of  a  circular  tube  loaded  by  an 
external  pressure,  it  can  be  shown  that  if  Xg  is  the 
radiation  length  and  E  the  Young's  modulus,  a  non- 
dimensional  parameter  XqE^^  gives  a  figure  of  merit  of 
materials.  Table  1  allows  to  compare  the  principal  ones. 


Material 

Be 

CFC 

A1 

Ti 

Fb 

E(GPa) 

IKS 

■H] 

no 

210 

Xo(m) 

0.353 

0.27 

0.089 

0.036 

0.018 

XoE*/3 

Table  1 

Beryllium  gives  uncontestably  the  best  performance 
but  tube  geometry  has  been  limited  up  to  now  to  smoodi 
cylindrical  shapes.  It  has  three  major  drawbadcs:  safety 
hazards,  manufocturing  difficulties  and,  consequently  price. 
Beryllium  particles,  generated  in  the  case  of  an  uiq>lo8ion 
or  a  fire,  is  highly  carcinogenic.  Obtained  only  through 
powder  metallurgy,  beryllium  is  considered  not  to  be 
weldable  at  UHV  standards.  Tubes  are  {aesently  produced 
fiom  a  hot  formed  sheet  brazed  on  a  longitu^i^  ^lice 
joint  (Figure  2  shows  dimensions  of  the  longer  vacuum 
tubes  pr^uced).  Extruded  tubes,  proposed  but  not  yet 
qualified,  would  permit  mme  complex  shiqies.  Heavy 
transition  aids,  eitfia  in  aluminium  or  stainless  steel,  have 
to  be  brazed  at  both  ends  for  welding  to  the  other  tub^ 

A  large  numba  of  wall  constructions  can  be  called 
composite  [4].  Only  two  families  will  be  mentioned: 
sanhvich  and  carbon  fibre  reinforced  itotics  (CFRF). 

A  honeycmnb  sandwich  made  in  Nomex  honqrcomb 
glued  to  two  aluminium  skins  has  been  installed  in  a 
collider  and  further  development  work  has  shown  the 
viabiliQr  of  this  option,  unfortunately  presently  asleqi. 

CI^  tubes  have  been  used  with  more  or  less 
success.  The  composite  structure  itself  was  always  iq)  to 
the  erqiectations  and  new  fibres  arriving  on  the  market 
next  year  will  double  the  Young's  modulus  value  of 
TaUe  1,  therefore  superseding  beryllium.  When  a 
ptolton  appeared,  it  was  always  caused  by  the  inner 
moallic  Ir^  and  its  connections  to  the  transition  end 


IHeces.  But,  if  this  continuous  liner  can  be  rqriaced  by  a 
sputtered  metal,  then  folly  reliable  optimized  vacuum 
chambers  could  probably  be  obtained  at  a  very  competitive 
price. 

Aluminium  alh^s  are  light  metals  whkh  provide  the 
best  cost-effective  scdutkms.  Almost  any  dupe  can  be 
produced  by  precise  machining,  in  particular  ring-stiffawd 
tubes  as  thin  as  0.5  mm,  which  could  be  adrqited  to  any 
detector  acceptance.  Their  design  is  complex  but  present 
day  analysis  programs  are  able  to  handle  any  buckling 
problem.  Hoirever,  a  great  care  is  required  to  successfully 
weld  thin  aluminium  parts  to  UHV  standards. 

Titanium  or  stainless  steel  tubes  could  only  be 
competitive  with  a  very  thin  wall.  The  common  solution 
is  therefore  to  corrugate  them  but  then  a  lower  bending 
rigidity  means  more  suppms  and,  at  high  rapidity,  the 
numba  of  wall  crossings  increases  quickly  above  an 
acceptable  level.  If  the  vacuum  bake-out  temperature  can 
be  limited  to  1S0*C,  then  aluminium  alloys  are 
prderaUe. 

Vn.  FUTURE  CXILUDER  BEAM  PIPES 

Boyllium  is  still  considered  to  be  the  best  option, 
eqiecially  for  the  central  part,  but  carbon  fibre  reinforced 
plastics  become  very  competitive  with  the  arrival  of  new 
rigid  filnes  and  reliable  enough  with  the  development  ot 
new  redns  and  coating  methods. 

A  cheaper  option  is  to  choose  parts  with  fancy  duqxs 
machined  in  aluminium  alloys,  especially  for  the  forward 
parts*.'  ring-stiffened  or  cone,  the  latter  being  mme 
transparent  at  high  rqndity  at  the  expense  (tf  an  important 
"shadowed"  zone^ 

But  other  ideas  should  not  be  forgotten,  even  if  they 
need  more  devdopmenu  honeycomb  sandwich  or  even 
machined  beryllium-aluminium  alloy,  ...  once  tubes 
become  available. 
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Abamct 

AiMurofdistribiiledNdii-eva|)oiBl)leGeaei‘(NeG)ttr9a»- 
aembMes  is  installed  in  each  of  alnnimum  vacuum  diam- 
ben  of  the  1  !04-m  aoiage  ling  of  die  Advanced  Photon  Soiace. 
Diairibuiedpraqiiiigisprovidedtoieinovemottofthegasie- 
atddng  fiom  phoion-stinuilaiBd  deaoqNkn  occuning  aloog  die 
oaierwi^ofthechandien.71d8isaoelBctentwayofpiinq>- 
tng  becanae  conAictance  is  limiiBd  aloog  the  beam  axis.  The 
St-7Q7NeG  strips  are  condidoaed  at  4S0*C  for  45  min.  widi42 
A.  Base  pressmes  obtained  are  as  low  as  4  x  10~**  Tore  The 
PfoG  strfo  assemblies  are  sqipoBBd  by  a  series  of  electikaUy 
iwdated,  12S-mm-loog.  iniBAxaing  stahikss  sled  cnrien. 
TbM  onupie  mteriocking  carrire  ekments  provide  flexfoOity 
the  vactmm  chamber  curvaua  0^38.96  m)  wd.pennit 
and  mattBatian  of  asaenddes  with  as  little  as  iso  mm 
extt^  deanmce  bMween  adjacent  dtambeRs. 

L  INTRODUCTION 

The  A^tvaoced  Fkitaii  Sooree  (AI^X  cmmdy  under 
coastracritia  at  Aigonne  Ufeonmny,  is  a  synduotron 
tadmiion  reaeareh  focilhy.  It  inoorpamies  a  7-GeV  poshroo 
storage  ring  designed  to  mahiiain  a  pressure  kss  than  1 


tflbrrwithachcdatmgcnireatQf  300  mA.  The  low  pressure 
is  critical  to  enabling  the  machine  to  ddiver  long  beam  life- 
tunes.  The  SR  has  240  chambers  over  its  11044n  cucmnfer- 
ence.  Eachoaeof236almnimimchambencoatahisapoir 
St-707  Non<e«aporaUe  Getter  (NeO)  [1. 2]  str^,  aUowfog  for 
distributed  pmnping.  This  is  an  ideaUy  suited  punqiingnietbod 
over  condnctance  limited  chamben  whose  cross  section  is 
shown  in  Hg.1.  Test  results  indicaie  that  the  coodihiation  of 
sputter  ion  pnaq»  and  NeO  strips  achieve  the  desired  chamber 
pressure.  The  NeG  sti^  are  designed  to  be  effscdve  over  a 
20-yearperiod.  However.shouldoneormoreofthesti^ie- 
doire  igdacemem  thie  to  giemer  dmnanticipaiedeqx)- 
snre  to  gases  while  in  a  pumping  mode  or  accidental  dmnage), 
it  would  be  desirable  to  acrompBah  the  task  without  removing 
duunben.  Ibenfoee.  nniqae  interiocking  standees  sted  (SS) 
«anietsfordieNeGsirq»waedeaigBedmidboilttoaQofwre- 
moival  mid  mataBation  of  NeG  aaaendriies  between  two  adjacent 
chambers. 

n.  NEGPUMPIBST 

Tbsts  were  made  P]  to  determine  the  effectiveness  at  die 
NeG  sti^  evmi  before  the  novd  rqdacemeat  design,  using  the 
mieriod^  earners,  had  been  incoipoiaied.  A  10^-loog 


Carrier  Strip 


Hgnrel.  Storage  Ring  >AKaomaiamber  Cross  Section. 
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stntste  chamber,  amUar  to  a  aectkm  1  type  in  a  SR  sector  [4], 
was  cleaned  and  installed  with  two  30-Mli  sputter  ion  pumps,  an 
angle  valve  for  iadadog  the  turtx)  mokcular  rough  puminng 
comidex,  a  nude  ion  gauge,  and  a  residual  gas  analyzer.  Apair 
of  St>707  NeG  strips  was  mounted  on  SS  continuous  caiiier 
str^  that  were  electrically  isolated  firom  die  NeGs  by  means  of 
ceramic  insulators.  The  str^  were  constrained  to  die  top  and 
bottom  antechamber  walls  within  the  grooved  tracks  that  follow 
the  strai^tness  of  the  chamber.  The  NeGs  woe  electrically 
joined  in  series  at  the  end  opposite  to  die  entrance  feedtfarou^. 
The  entrance  pincdon  was  made  with  a  banana  jack-type  am- 
nector,  enclosed  in  a  muldcontact  band,  which  solidly  engaged 
the  fieedthrough  with  the  Conflat  seal  closure  action.  The  cham¬ 
ber  was  punqied  widi  a  turbomolecular.pump.  This  was  fol¬ 
lowed  by  a  bidmout  at  1  S0°C  which  lasted  until  a  stable  pressure 
of4xlO~^'Ibrr  was  reached  36  hours  latK.  The  NeG  strip  was 
then  activated  m4S0°C  for  4S  min.  This  was  achieved  with  a 
cinent  of  42  A  through  the  NeGs.  Ibeeiqiended  power  in  the 
NeG  strip  was  sufficient  to  retain  the  temperature  of  the  insu¬ 
lated  aluminum  walls  at  1S0°C  without  requiting  additional 
baking  power.  During  the  initial  phase  of  activatimi,  the  (xes- 
sureinoeasedto  1  x  10~^  Ton:  wl^  the  activation  current  was 
slowly  raised  towards  its  maximum.  At  the  conchisim  (rf  the 
activation,  the  ion  pomps  were  started.  Finally,  die  turbo  isola¬ 
tion  vahre  was  closed  and,  when  the  chamber  walls  cooled 
down  to  ambient  tonperature,  the  pressure  stabilized  at  4  x 
10-“  Tonr. 

m.  INTERLOaONG  CARRIER  SYSTEM 

Mechanical  suppmt  for  the  NeG  str^  is  accomplished 
dirooghtheuseof0.7S-mm-thickx  12S-mm  nominal  length  SS 


strqn  (which  have  been  termed  “links”).  A  typical  installation 
one  of  the  NeG  assemblies  is  shown  in  Hg.  2.  Hie  links  are 
sntqiped  together  during  installatimi  ol  the  NeG  assemUy  and 
inserted  into  the  coireqionding  2.S  X  32-nim  slots  which  run  the 
length  of  the  vacuum  chamber.  The  Imks  are  provided  with  fas¬ 
tening  support  clips  and  99.5%  alumina  insulators  to  support 
the  NeG  at  r^ular  intervals  while  maintaining  electrical  is^ 
don  from  the  vacuum  chamber. 

The  use  of  an  interlocking  set  of  liidcs  for  a  canim:  str^  is 
found  to  have  the  following  advantages:  (1)  Whoi  installed,  the 
assembly  has  suffidoit  flexibility  in  the  horizontal  plane  to  fol¬ 
low  the  39-m  radius  of  curvature  possessed  by  some  of  the  vacu¬ 
um  chambers.  (2)  The  required  qiace  between  chambers  during 
removal  of  an  assembly  is  less  than  ISO  mm.  As  the  NeG  as¬ 
sembly  is  removed,  e^  carrier  link  is  disengaged  fiom  its 
neighbor  immediately  qxm  exit  finom  the  chamber.  This  per¬ 
mits  bending  of  the  NeG  strip  by  itsdf  to  a  radius  less  than  150 
mm  in  the  vertical  i^ane,  avoit^  any  adjacent  hardware  (see 
Fig.  3).  (3)  The  force  required  to  pull  the  assembly  througli  the 
slot  in  the  vacuum  chamber  is  reduced  significantly  conqiared 
to  a  continuous  strip  (fiom  apiuoximately  lOkgdowntotteor- 
der  of  1  kg  or  less  on  prototype  units). 

A  detail  of  one  (tf  the  typical  Hides  with  fastening  clip  and 
insulators  is  shown  in  Kg.  4.  The  SS  link,  inchiding  the  curled 
pin  at  one  end,  is  stamped  finnr  riat  sheet  material.  A  hole  of 
correqxmding  diameter  is  punc^  Jin  the  other  end  of  the  link. 
During  installation,  die  curled  pin  of  one  link  is  snqiped  into  the 
hole  of  the  adjacent  Hide.  The  curied  pin  detail  was  required 
since  qiproximately  33%  of  the  vacuum  chambers  are  owed 
in  the  hotizootal  plane.  Fev  applications  li^iere  only  straight 
chambm  are  employed,  the  cinled  pin  can  be  rqplaciid  with  a 
vertical  tab  and  ^  mating  hole  rqdaced  widi  a  sloL 


NeG  Strip  supported  ■ 
by  High  Profile  Clips 


Plan  View  of  Mechonicol  Corner  System 
(NeG  Strip  not  shown) 


•  NeG  Strip  supported 
by  Low  Profile  Clips 


Elevotion  View  of  Instolled  NeG  Strip  Assemblies 


Electrical  Feedthrough 


Figure  2.  Topical  Installation  of  NeG  Assembly. 
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Bgure  3.  NeG  AssemUy  Removal 


IVm)  types  Catteaing  sqipan  clqM  Oiigb  aod  low  pn^ 
types)  me  eaq)kqmd  to  sqipoct  tbe  NeO  sfit%>.  As  fllusiraied  in 
^  2,  the  tow  pn^  cli^  siqipon  the  NM  strip  fiiiihm  away 
firom  the  beam  axis  than  die  hii^  profile  cIqm.  Tbelowprofile 
cl^  are  oiqdoyed  in  r^ioos  where  synchrotron  ladatioo 
passes  betwemi  the  NeGs.  In  these  nitons,  the  NeO  resides  in 
the  shadow  of  the  vacuum  chamber,  preventing  (tamage  to  the 
NeO  in  the  event  of  beam  missieering.  The  tow  profile  clips  are 
not  used  throughout  since  the  ftucemiiiired  to  install  the  NeG 
assemUies  increases  significantly  udien  die  low  profito  (%s 
are  used.  Hus  is  due  to  the  reduced  spacing  between  low  pro^ 
clips  (le..  two  cl^  per  liidc).  A  reduced  qmcing  between  clqis 
is  required  for  the  Iw  pn^le  supports  so  dud  the  NeG  is  pre¬ 
vented  firmn  contacting  the  vacuum  chamber  during  acdvr 
when  the  strip  mpands  betwem  clips  due  to  differential  dh 
expansion  (NeG  at  4S0^  and  carrier  at  lS(fC). 

When  high  pn^lecl^  are  enqdoyed  at  the  12S-mminter- 
val  Cue^  oire  dp  per  lhik)»  the  system  is  assemUed  so  that  cl^ 
are  stained  fiom  top  to  bottom  (see  Hg.  2).  This  permits  sag¬ 
ging  (ff  the  top  NeG  str^  without  contacting  the  bottom  strip 
which  itself  may  coincidentally  eiqiand  ipwards. 

Other  manufacturing  considetmions  indude  the  use  of  316 
SS,  winch  remains  non-magnedc  even  when  work  hardened 
during  forming  and  punching  opoadons.  and  the  removal  of  all 
buns  finom  carrier  li^  prior  to  assembly. 
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Abstract 

A  trial  model  of  copper  beam  duct  for  the  KEK 
B-Factory  waa  fabricated  and  gaa  deaorption  ratee  were 
meaaured.  The  duct  conaiats  of  a  cooling  channel,  a 
beam  channel  and  a  pump  channel,  which  were  extruded 
aeparately  and  welded  each  other  by  the  electron  beam 
welding.  The  duct  received  only  ultraaonk  deaning  in 
a  freon  bath.  The  ultimate  total  preaaure  waa  about 
4x10"*'*  Tbrr  after  a  baking  at  1S0*C  for  48  hours  and 
the  thermal  gaa  deaorption  rate  waa  calculated  aa  about 
l-OxlO'^^Torr*  //(a*  cm^)  in  Nj  equivalent.  The  meaaure- 
ment  of  the  photon  stimulated  gaa  deaorption  rate  waa 
perfumed  uaing  the  synchrotron  radiation  with  a  crit¬ 
ical  energy  of  26.3  keV  from  the  TRISTAN  Accumulsr 
ti<Hi  Ring.  The  photo-desorption  co^cients  in  the  order 
of  10~’  molecules/photon  were  observed  for  main  gases 
desorbed  at  the  initial  stage.  These  high  gas  des(»ption 
rates  indicate  that  more  careful  surface  preparation  must 
be  necessary. 

I.  INTRODUCTION 

For  the  purpose  of  achieving  a  high  luminosity,  KEK 
B-Factory  rings  are  operated  with  hi^  current  beams.  In¬ 
tensity  of  synchrotron  radiation  (SR)  emitted  from  beams 
consequently  becomes  higher  than  any  other  existing  e~- 
e***  collider.  How  to  treat  this  intense  SR  is  a  major  subject 
in  designing  the  vacuum  system  [1]. 

The  choice  of  duct  material,  among  others,  has  been 
the  most  important  R&D  point  confronting  us.  Prospec¬ 
tive  materiab  are  copper  and  aluminum  alloy.  Copper  has 
many  excellent  properties,  i.e.  a  high  thermal  conductiv¬ 
ity,  a  high  melting  point  and  a  low  photo-desorption  coef¬ 
ficient.  Our  little  experience  on  fabricating  copper  ducts 
on  a  large  scale,  however,  was  one  problem  compared  to 
aluminum  case. 

We  have  made  a  trial  model  of  copper  duct  to  see  the 
capability  of  the  existing  fabrication  technique  and  to  get  a 
base  for  the  final  duct  design.  The  thermal  gas  desorption 
rate  and  the  photon  stimulated  gas  desorption  (PSD)  rate 
were  measured  using  the  model  duct.  The  fabrication  was 
successful  but  large  gas  desorption  rates  were  observed. 
We  outline  here  the  fabrication  of  the  copper  duct  and 
report  the  experimental  results. 

II.  FABRICATION  OF  A  COPPER  DUCT 

A  plan  of  the  copper  duct  manufactured  is  presented 
in  Figure  1.  The  duct  consists  of  a  beam  channel,  a  pump 
channel  and  a  cording  channd  like  a  conventional  beam 


duct.  The  duct  is  straight  and  the  total  length  is  3.7  no. 
The  ap^ure  of  the  beam  channel  is  100  mm  in  width  and 
50  nun  in  height.  The  thickness  cS  the  duct  wall  is  6  nun. 
The  pumping  channel  has  three  pumping  ports  for  lunqred 
ion  pumps.  The  duct  material  is  the  Gass  1  OFC  (Q:^ 
Free  Copper)  provided  from  EnTACHI  Cablsi  Ltd.  The 
flanges  are  n^e  of  304  stainless  steel. 

Each  channel  was  independently  extruded  at  first  in 
a  circular  pipe  with  a  proper  sise  and  then  extracted  to 
its  design  shape.  They  were  welded  each  other  by  EBW 
(Electron  Beam  Welding).  The  length  of  the  beam  duct 
was  limited  by  the  vrdume  (length)  of  EBW  chamber  at 
present.  Due  to  the  small  total  input  power  of  EBW,  the 
hardness  of  copper  was  not  degraded  except  just  near  the 
welding  point.  The  bend  and  the  twist  were  also  both  less 
than  0.5  mm/m.  The  flanges  were  welded  by  TIG  welding 
in  Argon  atmosphere  inserting  Inconel-625  between  OFC 
and  304  stainless  steel. 

Since  we  had  no  definite  idea  to  specify  what  surface 
treatment  is  the  most  appropriate  for  a  copper  beam  duct, 
no  special  treatment  was  tried  to  the  duct  except  for  ul¬ 
trasonic  cleaning  in  a  freon  bath  to  get  reference  data  for 
future  studies.  The  roughness  of  the  surface  is  less  than 
10  fun,  but  we  can  see  many  narrow  lines  on  the  surface 
itlong  the  duct  marked  in  the  extraction  process. 

After  assembly,  the  duct  received  two  cycles  of  baking 
up  to  180*C  and  no  air  leak  was  detected.  Constructing 
the  vacuum  system  of  copper  beam  duct  has  basically  no 
technical  problem. 

III.  MEASUREMENTS  OF  GAS 
DESORPTION  RATES 

A.  Thermal  gas  desorption 

The  duct  was  evacuated  by  a  turbo-molecular  pump 
(300  //s)  and  two  ion  pumps  (130  //s)  combined  with  NEG 
pumps  (100  //s).  Two  B-A  gauges  measured  the  total  pres¬ 
sures  in  the  beam  channel  wd  the  pump  head.  The  pump 
down  curve  is  shown  in  Figure  2.  After  a  baking  at  150*C 
for  48  hours,  the  pressure  reached  to  about  1x10'^°  Torr 
at  the  beam  channel  in  N2  equivalent.  The  main  residual 
gas  was  H3.  Ar  was  hardly  detected.  Assuming  the  total 
effective  pumping  speed  of  300  //s  at  the  base  pressure, 
the  thermed  gas  desorption  rate  was  calculated  as  about 
1.5xl0~‘*  Torr.  //(s.  cm*).  This  desorption  rate  is  not 
so  good  value  as  a  vacuum  chamber.  Carefully  treated 
vacuum  chambers  of  aluminum  alloy  or  stainless  steel  give 
the  thermal  gas  desorption  rate  in  the  order  of  or  less  than 
10-13  Torr.  //(s.  cm*). 
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Figure  1.  Plan  of  the  copper  duct. 


Figtue  2.  Pump  down  curve  of  the  copper  duct. 


B.  Photon  stimnloied  gaa  desorption  (PSD) 

The  photon  stimulated  gas  desorption  rate  was  meas¬ 
ured  Qsing  the  synchrotron  radiation  (SR)  from  the 
TRISTAN  Accumulation  Ring  (AR)  having  a  critical  en¬ 
ergy  of  26.3  keV.  Schematic  diagram  of  the  beam  line  is 
shown  in  Figure  3.  The  duct  received  the  photon  directly 
from  the  scarce  at  a  14.8  mrad  incident  an^e.  The  x-y  slit 
limited  the  photon  beam  vertical  and  horismital  opening 


angle  to  0.50  mrad  and  2.4  mrad,  respectively.  About  3 
m  out  of  3.7  m  long  duet  was  directly  irradiated  by  the 
SR  with  a  height  of  about  8  mm.  The  incident  photon 
flux  Np  per  beam  current  per  second  was  about  1.54x10^* 
photons/(mA.s).  The  total  pressures  and  partial  pressures 
at  the  uprtream  and  downstream  side  of  the  orifiee  (Or) 
were  measured  by  two  extractor  gauges  (EXGl  and  EXG2) 
and  two  quadrupole  mas  analyser  (QMAl  and  QMA2),  re¬ 
spectively.  Hie  photo-desorption  coefficient  for  »-th  gas 
qiecies  is  given  by 

z=  3.3  X  10^*^^/*  molecules/photon, 

where  APj  is  the  pressure  difference  between  the  upstream 
and  downstream  side  of  the  orifice  in  Tbrr,  Ci  is  the  crm- 
ductance  of  the  orifice  (50  mm  wide  x  12  mm  height)  in  //s 
and  U  is  the  beam  current  in  mA.  The  downward  beamline 
from  the  valve  GV2  was  baked  up  to  130*C  for  48  hours. 
The  base  pressure  of  the  copper  duct  was  about  lxl0~* 
Torr. 

Main  gases  desorbed  was  Hj,  CH4,  CO  and  CO3.  The 
17  for  these  gas  species  as  a  function  of  photon  dose  are 
presented  in  Figure  4.  The  17  at  the  initid  stage  is  in  the 
order  of  10~’  molecules/photon.  The  17  decreases  with  pho¬ 
ton  dose  with  an  average  slm>e  of  -|  ~  -1  beycmd  1x10^ 
photons/m.  The  desorbed  gas  reached  up  to  1  Ibrr.  I  at 
1x10’*  photons/m. 

The  >7  and  the  total  quantity  of  desorbed  gases  are 
larger  by  about  one  order  of  magnitude  than  the  data 
of  copper  ducta  reported  so  far  by  O.Grdbner  et  al.[2], 
A.G.Mathewson  et  al.[3],  R.Gavaggio  et  ai.[4]  in  DCI,  and 
H.J.Halama  et  al.  [5]  in  NSLS,  and  almost  the  same  or¬ 
der  as  those  of  aluminum-alloy  ducts  [3,4,5].  All  of  copper 
duct  refered,  however,  had  received  ^emical  etching  be- 


Figure  3.  Schematic  diagram  of  the  beamline  for  PSD  measurement. 
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Figure  4.  Photo-desorption  coefficients  for  Hj,  CH^,  CO 
and  COj  as  a  function  of  photon  dose. 


fore  the  experiments.  The  large  gas  desorption  from  our 
model  copper  duct,  therefore,  will  be  due  to  the  insufficient 
surface  treatment. 


IV.  SUMMARY 


A  trial  model  of  copper  duct  was  fabricated  w,ith  no 
mechanical  problem.  Constructing  the  vacuum  system 
based  on  copper  beam  duct  for  the  KEK  B-Factory  has 
no  technical  problem.  The  measured  gas  desorption  rates 
were  not  good  due  to  the  insufficient  surface  treatment. 
Chemical  surface  cleaning  will  decrease  the  gas  desorption 
rates.  We  are  now  planning  to  make  several  copper  ducts 


with  different  surface  treatments  and  to  compare  the  ij  this 
year. 
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loBfitodbial  ^aoe  liaUtattoos,  asagnet  recycling  time 
ooasMdnis,  tooting  costs,  and  minhniring  ladkmctive  deMs. 
taserting  a  nendy  prooesaed  oval  tube  inside  the  existing  star 
■hUMti  tiiiw  rihnhiifi^  thc  need  10  Svante  the  Welded  and 
eptuded  htdf  cores,  dns  sadsfyh^  all  the  oiieria. 

L  INTRODUCTION 

Within  the  existing  Main  Ring  enclosnre  some  200 
qnadnipoles  provide  focusing  fonctfoos  for  the  22  year  dkl 
synchrotron.  Cunentiy  127  of  these  qaadropoies  ate  scheduled 
for  instaUaiioe  into  the  Main  Injectm  Riiv>  All  Main  Ring 
quads  possess  a  star  shaped  vacuum  chamber  formed  from  304 
atainleas  steel  sheet  vMcfa  is  sandwiched  between  wdded  half 
cores  and  are  eixny  vaemnn  hiqanqjnaiBd  into  place  duing  die 
coil  taquegnation  process.  Ihe  vacuum  chamber  stainless  is 
mquooessed  exeqn  for  superficial  cleaning  at  the  time  of 
fSriuication  and  at  magnet  installation.  Today,  after  two 
decades  of  pnoqiing.  the  avenge  Main  Ring  vtcuum  pressure 
is  apprwxhnatrty  8x10^  Totr  while  the  desired  Miun  b^ector 
pressure  is  1x10'^  Totr.  In  an  effort  to  achieve  the  desired 
Main  b^ecior  pressure  rapfady  (on  the  order  six  mombs)  the 
newly  fiteicated  dipoles  wiD  contain  an  ovd  chamber  made  ttf 
dectropoUdied  and  chemically  cleaned  316L  stainless  steel 
asseasNed  using  esndiliahed  ultm  Mgh  vacuian  teebniques. 
Therefore  it  becomes  inqxxrtant  to  "do  sommimg”  with  the 
quad  chambers  to  upgrade  then  vacuum  perfoenumoe  nearly  a 

n,  CONSTRAINTS 

The  Main  Ring  is  scheduled  to  provide  inotons  to  the 
Tevatron  until  Main  Injector  civil  construction  begins  at  the 
RF  haU.  At  this  time  the  final  Main  Ring  shutdown  will 
begin  and  U  scheduled  to  conclude  seven  months  later.  This 
time  fiame  provides  ample  time  to  remeasure  the  127  quads 
and  perform  cosmetic  upgrades  to  each  magnet  prior  to 
installation  into  the  Main  Injector  Ring.  However,  it  is 
in^ossible  to  separate  the  half  cores,  "burn"  the  qtoxy, 
rcniove  the  vaewnn  chamber,  lewrq)  the  coils,  assemble  a^ 
remeasure  the  magnet  with  a  new  vacuum  chamber  installed 
widtin  the  time  allowed.  Additionally,  a  substantial  anmunt 
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of  cadioactivB  debris  would  be  generated  causiag  severe  control 
and  dbposal  problems. 

bi  prinebfo,  the  existing  quad  chambers  could  be  sdvaged 
by  cutting  the  end  flmiges  from  the  tubes  and  oeatmg 
equipment  and  procedures  requised  to  polish  and  dean  tiie  tubes 
white  the  nmgnots.  Once  again  radioactive  debris  would  be 
genemied  in  the  form  of  stabtieu  chips  (not  particularly 
severe)  and  many  gallons  of  deaning  sohuions,  alcohol,  and 
distilled  water.  Inailprobabiliiy  this  procedure  would  result 
tai  chamben  somevrhat  inferior  to  the  newly  fiforicated  dipde 
chambers  dne  to  the  liiniied  space  and  awkward  length  to  cross 
section  ratio. 

FlnaUy,  it  has  been  determined  that  the  horironial  and 
vertical  lyettures  in  the  new  dipoles  are  dso  sufficient  for  the 
quadnqxtei. 

m.  SOLUTION 

The  ardmion  chosen  which  satisfies  all  the  coostntets 
also  is  the  most  eoonomicaL  It  is  planned  to  slip  a  new  ufoe, 
identical  in  cross  section  to  the  dipole  tnbe,  teough  the 
existing  star  sbapedchamber  after  the  Main  Ring  st^  flanges 
have  been  removed.  The  economy  results  from  purchasing 

tooUng  or  set  iq>  costs.  After  the  tube  has  been  positioned. 
aHgned.andwdded  white  the  quad,  one  end  flan^  is  added 
prior  to  final  leak  cbe^  It  needs  to  be  mentioned  that  the 
new  quad  chamber  will  teo  house  a  beam  position  moniior 
approxbaatdy  one  meter  long.  The  final  cross  sectional 
configuration  is  shown  tai  Hg.  1. 


Fig.  1 
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Atecracf 

Tlie  Main  b^eciar  ^41)  ooosinictkM  schedule  requires  the 
aae  of  several  magnet  installaiion  vehides  ooncuneatly. 
Daring  the  imerval  when  Ml  dipoles  are  10  be  installed,  both 
exlstb^  magnet  instaBarion  vehicles  will  be  used  in  the  Mab 
Ring  (existing  aoceleraior)  to  siqqxxt  machine  operations. 
This  necessitates  the  developmeat  of  a  new  magnet 
installation  synem  designed  for  use  with  the  MI  d^tole 
nm^mts.  Becttise  all  magnet  installation  vehicles  will  be 
availaUe  for  MI  Installatioo  foUowmg  the  decommissioning 
of  the  Main  Ring,  die  systtmi  sboold  be  as  bexpeasive  as 
possible.  The  chosen  solotion  for  MI  dipole  magnm 
bstalbrion  is  as  fiitilows:  a  mgger  /  lowmoior  (the  Tevatran 
vehicieoouldbedrafted)  win  tow  die  Mata  Intector  dipoles  to 
Iheir  fantaiiatbui  tile  on  doUks,  then  lift  them  sUghdy  fiom 
the  dollies  and  move  tiiem  onto  their  magnet  siqipoit  stands. 

L  INTRODUCTION 

Mdn  b^eciDr  t^xrie  bstaUation  will  be  a  refined  version 
of  the  tedmiqne  developed  for  the  insndhtion  of  several  large 
nu^nets  fa  P  •  bar.  This  is  b  contrast  to  the  traditional 
angnet  bstallation  eqn^mieM  canently  osed  b  the  Mab 
Ring  aiMl  Tevatran.  The  traditional  magnet  installation 
vehicies  are  daboraKk  self  contained  imits  witii  foe  tibBiiy  to 
tow  foe  nmgnets  through  the  immd  and  pboe  the  magnett  on 
their  magnet  sqipott  stands.  Ibe  MI  ^lob  installation 
equipment  b  not  self  contained,  and  requites  two  sqiatme 
systeam.  A  tugger  and  dtdly  omnbbmion  will  be  used  for 
lowtag  the  t^xtie  magnets  throogh  the  MI  tunnel  to  the 
bsndtatkm  rile.  A  pair  of  qiecialbed  machines  be  osed 
for  Bftbg  tiie  magnet  fiom  foe  dollies  and  movbg  foe  magnet 
onto  the  magnet  support  stands. 

The  ^mtiri  considerations  of  foe  magnet  installation  were 
the  drivbg  factors  b  the  magnet  installation  plan  and 
inslalbtion  machinmy  design.  The  primary  physical 
parameter  to  be  considered  is  the  magnet  size.  IheMIdipole 
magnets  will  be  built  b  20  and  13  foot  tengths.  A  coounon 
cross  section.  22  in.  tril  and  32  in.  will  be  used.  Ibe  Imger 
magnets  wfll  wrigb  20  tons,  b  addition,  the  access  to  the 
tumid  is  restricted.  Only  the  mab  service  building  has  the 
capacity  to  lower  the  magnets  from  ground  level  into  the 
timnd.  The  Immd  circumference  is  10,000  feet  Therefore, 
the  maximum  distance  miy  sbgle  magnet  must  be  moved  is 
5000  feet 
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Baaed  upon  foe  magnet  bstallation  requirearents  and 
parameters  described  above,  a  magnet  bstallation  phm  and 
bstallarinn  equipment  design  have  been  developed.  T^have 
been  devdoped  to  be  user  friendly,  fa  addition,  tbty  have  been 
designed  to  be  durable  and  wifortand  heavy  use  durbg  the  28 
month  magnet  installation  period,  and  light  use  for  the 
remainder  of  the  Mrin  Injector^  operational  life. 

n.  INSTALLATION  SCENARIO 

The  most  challengbg  aqiect  of  the  Mab  h^ecior  dqxrie 

mmgtiM  tiMfllartna  i«  Miinrtrtnj  wifhin  thft  phy«tf^ 

of  the  tumid.  Carefiil  planning  is  required  because  of  the 
mf  n  tnaiirf  Thcr^ore,  s  detailed  plan  fiv  the 

tmrrflfi^  nt  tti»  S^pr  ’"^g'****  *»a«  ynf 

is  outihied  on  the  fitilowbg  page  fa  sb  different  steps. 

fa  mep  1.  the  magnet  bstallation  equipment  is  shown  b 
its  storage  location  rodenieafo  two  20  foot  fopofe  magnets. 
When  stored,  the  magnet  installer  will  not  block  tiie  MI 
tnand  aide.  This  is  shown  b  Rg.  1  (Note  that  the  cross 
hatched  rectangles  represent  the  magnet  mover  rails.) 

fa  stqi  2.  the  magnet  installer  must  be  removed  fiom  its 
Stonge  location  undetneath  the  dfpoie  magnd  and  rolled  into 
the  tmmd  risk  (see  Hg.  2) 

fa  step  3.  the  dipok  magnet  will  be  towed  throogh  the 
iimiiri  ■t«iw  a>  ihe  bstaDatioo  rite  by  the  rnggw  Ihe 
is  supported  by  two  dollks.  See  Hgure  3  for  illnstmiion. 

fa  aiqi  4,  the  mngnet  installers  are  moved  into  position 
as  shown  in  Hgore  4.  Ibe  magnet  instaHets  can  be  slid 
underneafo  the  dqide  magnd  because  of  tbdr  low  profifc  with 
foe  hydrauHc  jack  fa  the  odlapsed  poritiou. 

fa  step  5,  the  dipok  magnet  is  lifted,  moved  over  tiie 
magnet  support  stands  and  then  lowered  onto  the  stands.  See 
Figure  5  for  illustration. 

fa  stq>  6,  the  second  dolly  is  tenqxxarily  attached  to  the 
first  drily  and  towed  back  to  the  mrin  service  building  b  {rick 
iq>  another  nu^net.  Also,  the  tails  are  stored  undernemh  two 
of  the  6m  dipoles  to  allow  normal  operations  to  continue  b 
the  tinmeL 

in.  MAGNET  INSTALLER  DESIGN 

Tbe  sole  functirm  of  foe  magnet  installer  Is  to  lift  foe 
magnet  off  the  dollies  and  then  move  foe  magnet  to  the 
magnet  support  stands.  Tbe  design  shown  in  Figure  7  is  the 
current  version  of  the  magnet  installer.  It  is  approximately 
100  in.  long,  29  in.  wide,  and  13  m.  tali.  Simplicity  and  case 
of  operation  are  the  primary  design  features.  All  three  primary 
axes  of  foe  magnet  installer  are  capable  of  controlled 
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moveawnt  through  hydnulk  cylinders.  Becmse  the  two 
magnet  installera  are  vaod  in  coordination  with  each  other,  the 
potential  for  binding  of  die  bearings  is  high,  should  the 
magnet  installera  be  even  slightly  skew.  Therefore,  only  raie 
of  the  two  magnet  installer  rails  will  have  position  control 
along  the  z  -  axis  of  die  tunnel  (axis  along  the  particle  path), 
while  the  other  will  be  free  floating  to  allow  the  magnet 
installen  to  be  skew.  In  addition,  the  tt^  {date  of  the  magnet 
installer  also  serves  as  a  turntable  to  allow  for  independent 
qieration  of  each  magnet  installer  rail 

To  allow  the  magnet  installer  to  be  moved  easily,  it  will 
be  equipped  with  polyurethane  wheels  with  needle  bearings. 
The  front  wheel  is  a  caster  design  and  the  rear  wheels  turn  on 
an  axle  indqiendendy  of  each  other.  This  design  allows  for 
good  maneuverability  of  the  magnet  installer  near  the 
installmion  site  as  shown  in  figures  1-6  and  also  provides 
good  towing  characteristics. 

The  torsion  siting  suqiension  on  the  magnet  installer  is 
designed  to  support  the  insfrdkr  during  towing  and  to  odlspse 
during  magnet  installation.  This  allows  the  magnet  inutaiw 
to  be  agile  under  most  conditions,  however,  during  magnet 
installation  (when  the  magnet  installer  is  lifting  the  dipole 
magnet)  the  sn^ienskm  will  collapse  and  the  magnet  insndler 
will  be  supported  by  the  tunnel  floor,  rather  than  the  wheels. 
This  will  increase  durability,  stability,  and  allow  smaller 
wheels  and  box  beam  to  be  used  in  the  design. 


The  hydraulic  system  consists  of  a  main  circuit:  pump, 
reservoir,  booster  cylinders,  and  most  valves,  as  an 
indq^iendent  assembly.  Some  of  solenoid  actuated  valves  will 
be  located  on  the  magnet  installer  itsdf.  In  addition,  a  remote 
control  panel,  omnected  to  the  main  circuit  by  a  cable,  will 
allow  the  opermor  freedom  to  position  himself  in  the  best 
place  possible  to  observe  the  magnet  installation.  This  design 
limits  the  number  of  hydraulic  connections  to  each  magnet 
installer  rail  lo  four.  A  hose  recoil  mechanism  (not  shown) 
will  be  used  to  keep  the  hydraulic  lines  orderly. 

In  addition,  there  will  also  be  an  electrical  connection  to 
each  magnet  installer  rail  for  the  solmwid  activated  control 
valves.  As  a  safety  precaution,  spring  centered  solenoid 
valves  will  be  used  so  that  the  magnet  will  remain  idle  in  case 
a  power  failure. 

IV.  CONCLUSION 

A  functional  magnet  installation  plan  and  magnet 
installer  have  been  deveh^ied  to  meet  die  requirements  the 
Main  Injector  dipole  magnet  installation.  The  magnet 
installation  (dan  and  equipment  design  are  both  economical 
and  user  friendly  without  sacrificing  safety  or  installation 
^Gdency. 


Figure?  Isometric  View  of  Magnet  Installer 
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SRF  Nb  Cavities* 
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Cootimiaiis  Ekctroo  Baam  Accderaior  Facility 
12000  IdftnonAveaiiB.  Newport  News,  Vkginia23<^  USA 


Abstract 

High-pedRormance  superconducting  radio  frequency 
(SRF)  cavities  an  traced  wder  UHV  and  low  paniculate 
coadftkna  wliea  t^  go  throng  tbe  surface  treatment 
peoceaa,  and  are  kqK  nader  these  condit^  permanently 
dtereafttr,  both  before  and  during  use  in  the  aocderaior.  The 
ontgaasing  of  the  gadEet  nuuerial  in  the  gate  valves  and  the 
oti^asiing  of  dtesoivents  that  come  in  contact  with  the  gadget 
and  the  cavity  surfaces  determhie  the  ultimate  pressure  that 
can  be  obtained  in  the  cavity.  A  systematic  study  (tf  gaskets 
and  various  srdvents  was  undertaken  in  order  to  understand 
the  conditions  dwt  lead  to  a  low  ultimate  pressure  in  a  short 
period  of  time.  The  results  with  Kalrez,  Viton  0-rings  and 
sotvertts  like  methaMd,  acetone,  isopropyl  and  freon  will  be 
presented  in  diu  paper.  Also,  we  discuss  the  effect  of  a  slow 
or  frst  initial  punpdown  in  order  to  prevent  the  settlement  of 

Hii».  m  nfnwtoinqrtifm 

L  INTRCHDUCnON 

Superconducting  accelerator  cavities  made  from  high- 
purity  niobium  are  presently  limited  in  their  high-gradient 
perfimance  by  either  field  emission  loading  or  thermal- 
magnetic  Ineakdown  at  tnicrosavic  defects.  It  is  generally 
accqited  that  fidd  emission  is  either  caused  by  artificiid 
contaninatioo  (rf  die  sensitive  cavity  surfaces  due  to  handling 
and  assemUy  procedures  or  by  intrinsic  emitters  embedded  in 
the  surface.  There  are  in  addition  indications  that  the 
condensation  of  residual  gases  in  the  evacuated  cavities  can 
comribuiB  to  fidd  emission  loading. 

Sevmt^  precautions  have  been  taken  at  CEBAF  to 
minimize  the  potential  fm  artificial  contamination  [1]: 
CEBAFs  basic  bmldiiig  dock— the  cavity  pair— ctmsists  of 
two  S-cell  1500  MHz  cavities,  which  are  hometicaily  sealed 
when  assembled  in  a  class  100  clean  room  after  chemical 
sntfiK:e  treatment  aid  final  advent  rinsing. 

During  this  assembly  procedure  two  ceramic  rf  windows 
are  mounted  onto  die  firndamental  power  coupling  waveguide, 
the  bean-pipe  ends  rtf  the  cavity  paff  are  clos^  off  with  high- 
vacuum  O-ring  sealed  gate  valves  and  the  higher-order-mode 
coiqders  are  attached  to  the  HOM-wavegukle  openir^.  The 
outgasdng  of  all  these  components  and  in  particular  the 
outgassing  Ot  the  O-ring  materials  tha  come  in  contact  with 
srdvent  vapours  or  sdvents  used  fm  find  rinsing  of  the 
cavbies  arid  the  cavity  surfaces  themselves  determine  the 
nhmule  pressme  anainabie  in  the  cavity  pair. 

Results  oi  a  systematic  study  [2]  of  the  outgassing 
characteristics  of  O-ring  materials  such  as  Kalrez  and  Viton 
anid  sdvents  such  as  methand,  acetone,  isoprt^yl  and  freon 


*  Thk  worfc  ww  soppoited  by  IX%  contract  I^ACQS-84BR401S0. 


are  reported  in  the  following  sections. 

In  addition  we  have  investigated  the  influence  of  the 
advents,  viz.  methand  mid  isopropyl,  on  the  removd  of  water 
from  the  5-cell  Nb  cavity.  Anther,  the  eCfoct  of  pumpdown 
qieed  Airing  the  initid  evacnatioo  process  of  the  cavities  on 
particulate  generation  (which  is  well  known  in  the 
semkonductor  industry)  is  also  studied. 

n.  EXPERIMENTAL  SETUP 

A.  Outgassing  Experiments 

For  Ae  pumpdown  characteristics  studies  a  small  UHV 
system  as  shown  schematically  in  Figure  1  was  assembled.  A 
^  I/sec  tuibomolecular  pump  was  used  for  a  short  time  for 
rough  pumping  the  UHV  system,  consisting  of  a  60 1/sec  star 
cell  ionpump(Varian),aresidudgasandyzer(RGA.Hiden) 
and  a  standard  UHV  nipple  as  the  vacuum  chamber  bdding 
die  O-ring.  At  the  be^nning  of  each  test,  the  UHV  system 
was  baked  at  425  K  for  12  hours  to  reach  an  dtiiaate  pressure 
of  p  «  2-10'^^  torr  as  indicated  by  the  RGA  with  the  dominant 
reddud  gas  being  H2.  Prior  to  loading  the  chamber  wiA  the 
O-ring  materid,  it  was  vented  with  dry  99.999% 
semkonductor  grade  nitrogmi  gas. 


1.  Nii^le  2.  Cavity  3, 5.  All  meld  vdves  4.  RGA 
6.  Ion  pomp  7.  Partkk  counter  8.  Two  mage  vdve 
9.Ion  gauge  10.  Rotary  pump  11.  Tuibomolecular  pump 
Fipue  1.  Schematk  of  experimentd  setup. 

B.  Cavity  Pumpdown  and  Particle  Generation  Experiments 
FOr  this  type  oS  experiments  Ae  same  arrangement  as 
shown  in  Figure  1  was  used  wiA  the  excqidon  that  a  5roeU 
cavity  was  Ae  vacuum  chamber  and  a  170  1/sec 
tuibomolecular  pump  rqilaced  the  smaller  pump. 
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1b  I^BCddB  ^[OOQKBliOB  COtfMriflMBBtB  diB  pW^piBf  flpocd 

was  fegriaied  by  a  two>itagB  valve  (HPS)  omabting  cf  a 
aaMB  by<faai  valve  Bude  oai  of  an  qwture  and  a 
vdivek  A  ooeuBeedaliMKticfedeiectiao  system  (TSI,  Inc.)  was 
placed  betweeo  tbe  cavity  and  the  pomp  to  mooiior  the 

ID.  RESULTS  AND  DISCUSSION 


A  siiidlar  procedare  was  csRied  oat  witt  edwBol-soakBd 
Kabez  and  Viion  O-rings.  but  the  pressure  in  die  system 
imnained  at  MO*^  toiT  even  after  panning  for  a  aeondL 
Similar  lesohs  were  obiaiaed  with  fineon-soakad  Dfugs.  It 
appeared  at  this  time  that  the  slow  omgasang  of  ethanol  sod 
film  themselves  msy  be  the  reason  fior  such  lesohs.  Sokwas 
decided  to  carry  out  the  ponqidowa  characteristics  of  the 
solvents  in  the  absence  of  any  gufcetmaietiaL 


A.KatmandViiimO'RiK^s 

A  virgin  Kahea  O-iing  was  placed  in  die  nipple  and  the 
UHV  system  was  pumped  down  to  2>l(y‘^  lotr  with  the  turbo 
pomp,  and  the  getter-ion  punqi  was  turned  on  after  iaolating 
the  tnrbopanqi.  OnieachingapressureofMO*9tarr,theO- 
ring  was  removed  fiom  the  nip^  and  soaked  in  methanol  for 
Smimiies.  Tbe  pungxlown  procedure  was  rqpeated  with  the 
methand-aoaked  0-rin£  The  same  procedure  was  also 
adapted  widi  die  Vkoo  O-ring.  Figine2showsdiepampdown 
characteristics  of  the  virgin  and  methanol-soaked  O-rings. 
Tbe  same  nltknaie  pressure  was  obtained  with  both  the  Kabez 
and  VHon  O-fings  after  SO  hours  (tf  pumpdown.  The  residual 
Vectm  far  each  O-ring  indkme  that  besides  H2.  fluorine  is  the 
mgjor  residual  component  for  Kabez,  and  water  in  the  case  (tf 
Vlton. 

Tbe  mmhanol  soaked  O-rings  were  not  bdced  during  the 
first  SO  hours  of  pumpdown  excqit  for  one  minute  of  hot  air 
exposure  onto  foe  nqi|de.  A  final  pressure  of  MO^  totr  was 
reached  with  the  Kalrez  O-ring  in  SO  hours,  whereas  tbe 
Vkon  O-ring  needed  to  be  baked  far  2  hours  with  42S  K  hot 
air  exposure  onto  die  to  reach  an  ultimate  iMcssure  (rf 
2-10'^  torr  in  ITS  hours.  Tbe  RGA  spectra  indicate  that 
methancd  is  the  major  residual  gas  compo^^ent  besides 
hydrogen  widi  both  of  the  O-rings.  Flumine  is  still  the 
dominant  residiHd  gas  in  the  case  of  Kabez  and  water  in  case 
of  the  Vkon.  Since  surface  areas  of  both  the  O-rings  are 
similar  (~30  cm^),  one  can  direcdy  congnte  theb  pumpdown 
characteristics.  It  qipeacs  that  the  Vkon  O-ring  absorbs  larger 
amounts  of  methamri  and  it  needs  to  be  baked  out  to  desort) 
methanol.  So  tbe  pumpdown  characteristics  (rf  Kalrez  ate 
sqietior  to  those  Viion  gasket  material. 


B.Sob/ents 

As  usual,  the  UHV  system  was  baked  10  reach  a  pressure 
of  2-10*10  loff  aoj  nipple  was  vented  with  the  dry 
akrogea.  The  inner  surface  the  ngipie  was  w^ied  wkh  a 
clean  cloth  wetted  by  the  solvem  ante  invesdgatioii.  Tbe 
pumpdown  fidlowed  the  saaoe  procedure  as  desokied  above. 
Hgim  3  shows  the  pumpdown  duuacteristics  of  the  sotvems 
methancd,  ethanol,  isopropyl  alcohol,  acetone  and  fieon.  As 
can  be  seen  the  pum^wn  times  for  medumcd  and  acetone 
are  much  shorter  to  reach  a  pressure  ci  2-10*0  conqiared 
to  ethanol,  isopropyl  alcohol  and  fieon.  In  fact,  k  is  very 

difficult  to  reach  ultimate  pressures  of  less  than  10*0  tonr 

ethanol,  isopropyl  alcohtd  and  fieon  with  out  a  proper  boke- 
out 


C.  Cavity  Pumpdown 

At  CEB  AF  a  S-oeD  Nb  cavity  is  first  rinsed  with  uhrqxne 
watN^  after  the-  Chemical  surfaro  treatment  followed  by  a 
tw(^(dd  stdvent  rinse  widi  methanol  or  isopropid  alcohol  to 
remove  the  watm  from  the  surface.  Two  cavities  ate 
assembled  into  a  pab  wkh  all  the  auxiliary  components  and 
pumped  down  wifa  a  turbo  pump  for  a  period  trf  IS  minutes; 
dien  further  pumping  is  done  with  km  puaqis.  This  procedure 
was  adopted  to  minimize  the  contaminmioa  of  te  cavity 
surfaces  with  hydrocarbons  fiom  die  pumping  system.  Rgure 
4  shows  the  partial  pressure  (PP)  of  water  in  a  S-oell  cavity  as 
a  function  trf  pumpdown  time  with  the  turbo  pump  and  ion 
pump  systems  for  medianol  and  isopropyl  ahmhol  solvent 
rinses.  Tbe  turbo  pong)  system  reduces  the  FP  of  water  to  die 
10*^  torr  range  widiin  a  period  of  7.3  hours.  TbePPtrfwaier 
in  the  methanol-rinsed  cavity  is  lower  than  the  isopropyl- 
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IV.  CONCLUSIONS 


liMOd  cavliy.  bi  te  ciMof  ion  pnop  pamped  civ^  itie 
pmmn  Mvcr  improves  to  iw  10^  ton  lanie  even  after 
pampftig  fv  onro  ten  13  hoan.  Again  die  FP  of  water  is 
Mite  in  te  esse  of  te  isopropjA-rinsed  cavUy. 


RgnreA.  tetiMpressaie  of  water  in  a  S-cdl  cavity. 


D:  Pardek  GenenOioH 

The  tftificial  conounination  of  the  sensitive  cavity 
surfaces  daring  die  handling  and  assembly  procedoies  is 
leoogDized  as  one  of  the  mechaMsms  leqioiiriUe  for  the  field 
emission  loading  of  the  cavities.  des|te  precautions  like 
anemblyinaclass  1(X)  clean  room  sod  tense  of  hig^-piirity 
chemicals  and  solvents. 

Enuainnient  of  resUnal  porticnlaies  from  oondeosatioa  of 
sedvents  has  been  identified  as  the  major  source  of 
oontaminatiaa  in  die  sttkon  wafer  processing  fBttedogy  [3  j4) 
mainly  originating  from  particulate-laden  {nocess  vacuum 
chamben  and  load  locks. 

Since  the  cavity  surfisces  are  chemically  cleaned  and 
rinsed  with  very  clean  solvents,  the  reentiainment  of 
pariicataies  is  dnsticalty  reduced  ni  comparison.  Furthermore 
the  cavfties  have  low  relative  humidity  oonditioos  (hie  to  die 
linoing  wMi  soKems,  and  the  fonnation  of  liquid  particles  due 
to  fist  inite  evacuation  is  reduced. 

Measurements  have  been  done  to  verify  these 
assumptions:  the  number  of  particles  measured  daring  the 
nndirottied  punqidowns  is  less  than  4  per  25  liters  of  sedvent 
v^wnr  removed  fiom  the  cavity  pair.  Pbrther.  dus  fast  (2 
ndnntes  to  leadi  10*^  torr  from  atmosidieric  pressure) 
removal  of  solveat  fiom  die  cavity  surfaces  is  eipected  to 
dmg  awity  the  remaining  water  molecales  fiom  the  surface, 
leaving  a  drier  surface  behind.  Slow  (20  minutes  to  reach 
10^^  torr  from  atmotjilierlc  pressure)  punqxlowns  through  te 
orifice  d>  have  produced  more  particles  due  to  te 
eapansion  and  also  seem  to  have  inhiMted  the  removal  of 
water  fiom  te  cavity  surfaces  in  a  short  period. 


In  te  absence  of  baking,  sidveot-aoaked  Vitos 
are  prolonging  te  pumpdown  time  to  reach  lower  pR 
cowmarivco  to  K^abei  Ih  adttition,  punqHhi 

are  much  rimeter  for  methaiNd  and  com 

ethanol,  isopropyl  alcoMd  and  freon  for  achiev 
pressures.  Nfetlisnol  removes  water  more  efibetively 
cavity  sutfeces  in  conqMrison  to  isopropyl  aloohid 
facifitming  better  cavity  pmnpdowns  irith  ion  punqn 
pressures.  Neidier  stow  nor  fast  pumpdown  of  te 
contribaies  to  particulate  reentrahnent  or  particle  gem 
cavity  pairs.  However,  fast  pumpdown  is  likriy  tc 
more  water  fiom  cavity  surfaces. 
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Abitrmct 

A  porndile,  high  speed,  computerized,  data  logging 
system.  The  primary  function  dt  diis  system  is  to  ctdlect 
Helium  Readings'  from  mass  qtectiometas.  This  system 
moiutors  iq>  to  14  mass  qwctromems,  qientting  from  as  far 
away  as  1  kilometer,  or  clustered  to  isdate  a  helium  leak 
witto  20cm.  Data  logging  enabtes  technidans  to  witness  the 
flight  of  the  helium  throu^  the  magnet  string  by  a  grqriiical 
{dotting  of  every  channel  within  microseconds  of  when  the 
heliian  was  relet^  into  the  vacuum.  The  readings  are  used  to 
locate  vacuum  leaks  and  provide  accq)tance  testing  of  the 
vacuum  systnn  for  a  string  of  superconducting  magnets.  The 
secondary  functions  of  this  system  are  the  documentation  of 
test  commons,  archiving  data  sets  for  future  refoence,  and 
imviding  a  real-time  diq>lay  of  all  channds  as  the  string  of 
magnets  approach  critical  test  conditions. 

I.  INTRODUCTION 

By  far  the  most  time  consuming  aspect  of  magnet 
installation  is  leak  hunting.  In  a  completed  machine  (i.e. 
Tevatron^)  there  are  1,200  cryogenic  intofrtces.  A  ty{dcal 
intetfiace  consists  of  a  beam  tube  seal,  several  liquid  helium 
and  nitrogen  connections,  and  a  room  temperature  insulating 
vacuum  seal.  Each  of  the  cryogenic  seals  must  be  d>le  to  be 
verified  at  room  tempoature  with  sufficient  sensitivity  to 
assure  that  it  will  not  leak  liquid  hriium.  On  the  avorage  it 
takes  only  one-half  hour  to  physically  place  a  mt^net,  one 
hour  to  abgn  it,  and  fow  man-hi^  to  conqdete  an  interface. 
However,  it  takes  a  totri  of  40  to  50  man-hours  to  install  and 
leak  check  each  one.  A  pumpout  jxnt  is  su{^ied  on  each 
magnet,  near  the  downstream  interface  of  that  magnet.  A 
heliion  leak  detector  is  put  on  each  one  of  the  four  available 
interfaces  and  on  the  beam  tube,  and  the  cryostat  is  pumped 
down.  The  first  {Himpdown  on  a  fresh  cryostat  tyincally  takes 
3  hours  to  reach  a  presstae  sufficiently  low  so  that  the 
rouglung  pumps  can  be  valved  off  and  the  leak  detector  opened 
fully  to  the  cryostat.  Whoi  the  leak  detects  is  able  to  be  put 
on  its  most  sensitive  scale,  leak  hunting  can  proceed. 

Previous  systems  used  individual  chart  recorders  to  recod 
the  results  of  die  leak  check  {irocess.  The  scale  of  the  SSC 
{miject  required  a  computoized  system  for  recording, 
analyzing,  and  documenting  the  leak  check  {Rocess.  Existing 
commer^  systems  were  not  aMe  to  meet  the  requirements  of 
this  {irocess. 

This  system  utilizes  digitizers  daisy  chained  with  a  single 
twisted  {lair  cable.  A  portable  computer  connects  to  this 
system  and  both  controls  and  monitors  the  leak  check  {nocess. 
The  digitizers  do  not  require  qiecial  addressing,  s^p,  or  field 
adjustments  as  existing  systems  do.  The  system  is  usct 
friendly  and  retpnres  minimal  training  for  use  by  technicians. 

The  compu^  used  for  this  system,  is  a  portable  IBM-AT 
type  clone.  This  PC  is  equipped  widi  4  Mb  of  RAM,  120  bfli 
luird  disk,  VGA  color  (flat  screen)  monitor,  math  co-proce»or, 
mouse,  and  5  lA)  expansion  board  sIms.  One  of  these  I/O 


slots  contains  the  data  acquisition  board  custom  designed 
for  the  Leak  Checker  System.  The  leak  chericer  sofhrare  can 
run  on  a  PC  without  the  I/O  interface  installed.  This  feature 
allows  the  engimm  to  examine  die  data  files  on  a  different 
computer,  from  the  conqMiter  used  in  the  test  For  instance  the 
data  from  a  recent  test  can  be  up-loaded,  from  down  in  the 
accelerator  tunnel,  across  a  network,  to  wi  cffice  computer. 
Analysis  of  the  dam  can  be  done  in  an  area  where  the  archived 
files  are  located. 

n.  THEORY  OF  OPERATION 

The  ‘Recordm’  Ouqwt'  on  the  leak  detector  is  an  analog 
out{)ut  that  would  typically  be  connected  to  a  multichannel 
chsrf  recordm^.  This  output  is  a  very  small  voltage  (0  to 
-50m V)  and  the  great  distwees  between  leak  detectors  means 
that  leak  detector  data  could  be  distorted  or  attenuated 
depending  on  the  clurf  recorder  location  for  each  test  Since 
these  chart  recorder  {nintouts  have  been  archived  as  a 
pomanent  record  for  accqitance  testing,  retesting  at  a  later  date 
could  indicate  slightly  different  characteristics  for  a  section  of 
the  machine.  This  new  system  for  monitoring  the  leak 
detectors  replaces  the  multichannel  chart  recorder  witii  a 
computm^.  The  'Recbrdmr  Output'  of  the  leak  detector  gets 
digitize  right  at  the  leak  detector  and  is  transmitted  to  the 
computer  on  a  serial  data  bus.  The  digitizer  module  has  a  (firect 
analog  input  for  monitoring  any  nu^  of  leak  detector.  The 
leak  detectors  currently  in  use  at  the  SSC  Laboratory  have  an 
auto-tanging  feature  and  have  been  modified  for  this  new 
system,  to  transmit  the  range  setting  associated  w.Ui  the 
digitized  Recorder  Ouqnif . 


Figure  1 


The  application  {nogram  uses  three  basic  screens  to  wenk 
in.  The  main  {nogram  screen  will  only  be  dii^layed  if  die  I/O 
expansion  bomd  is  present  in  the  com{>uter.  Otherwise  the 
{nogram  jumps  right  into  the  'XYPlot'  screen.  The  'notes' 
screen  can  be  launched  from  either  the  'main'  or  the  'XYPlot' 
screen.  Each  of  the  three  screens  share  a  common  menu 
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selection  t»r  along  the  top  of  the  monitor.  These  menu  items 
will  display  help  messages,  othw  screens,  exit  from 
screens  to  previous  screens,  invoke  screen  dumps,  and  handle 
the  chores  of  printing  and  co|^g  the  datafiles. 

Leak  Detector  monitoring  begins  with  the  screen  shown  in 
figure  1.  This  is  the  main  screen  of  the  application  program. 
From  this  screen  the  operators  can  monitOT  the  status  of  all 
the  leak  detectors  simultaneoudy  with  incoming  data  displayed 
in  the  thomometer  like  rectangular  windows.  These  windows 
represent  the  'fine'  measurement  of  the  leak  detectors,  and 
cwresponds  to  an  analog  meter  movement.  As  the  magnitude 
of  the  signal  from  the  leak  detector  increases,  die  shaded  area 
of  the  corresponding  window  rises  upward,  nrecdy  above  eadi 
of  the  'fine'  windows  is  a  'Range'  window  that  corresponds  U) 
the  'coarse'  tune  of  the  Mass  Spectrometer.  This  'coarse*  tune 
is  the  power  of  ten  multiplier,  0  to  -10.  To  the  left  of  channel 
1  the  upper  and  low^  range  limits  are  di^layed  along  widi  the 
actual  value  of  the  selected  channel,  scal^  in  the  engineering 
units  of  the  leak  detector  'Standard  CC  Helium  per  Air 
Equivalenf.  Any  active  channel  can  be  direcdy  monitored  by 
clicking  the  mouse  on  the  Y^hannel'  button. 

The  FileName  'datal'  is  the  default  name  for  data  logging. 
A  unique  file  name  should  be  selected  before  enabling  the  data 
logging,  AutoTest,  or  ScreenDump  features.  The  'Files' 
option  in  the  menu  bar  opens  a  window  showing  all  the 
existing  files.  Select  any  one  of  these  ot  create  a  new  file  by 
entering  the  new  name  to  use.  Any  errors  with  opening 
'FileName'  results  in  qiening  the  default  'datal'  file.  One  of 
the  safe  guards  used  to  protect  archived  data  is  to  make  them  a 
'read-only'  file.  The  'Duration'  is  an  indicator  showing  the 
elapsed  time  while  data  logging  is  active. 

The  ScreenDump  feature  acts  as  a  frame  grabber.  Opuators 
can  create  up  to  100  printable  files  of  the  computer  screens. 
The  files  are  in  the  format  of  the  HP  LaserJet  IQ  printer.  An 
option  in  the  'Files'  menu  will  sequentially  send  all  these  files 
to  the  printer. 

The  sample  period  control  determines  how  often  the  leak 
detector  digitizes  its  reading.  The  period  of  the  start  pulse 
ranges  from  200pS  (SKhz)  to  SOmS  (20hz).  When  reading 
leak  detectors  spaced  90  meters  apart,  the  suggested  period  is 
SO  milliseconds.  This  value  is  derived  from  the  fact  dim 
helium  travels  close  to  the  speed  of  sound  in  a  vacuum,  and 
the  time  of  flight  down  90  meters  is  ~2S0  milliseconds.  The 
SOmS  sample  rate  provides  S  times  over  sampling  to  better 
ctqiture  a  ^ference  between  adjacent  leak  detectors.  When 
isolating  a  leak  within  a  1/2  cell,  if  the  shortest  distance  is 
-1/3  meter,  the  time  of  flight  will  be  1  millisecond  and  the 
suggested  sample  rale  should  be  200  microseconds  (xS). 

The  Auto-Test  mode  causes  the  system  to  automatically 
sequence  through  a  pre-defined  number  of  settings.  The 
AutoTest  sequence  is  as  follows: 

1. )  Set  the  period  for  SOmSec  (Slow). 

2. )  Enable  data  logging  to  TileName'. 

3. )  Save  20  seconds  worth  of  data. 

4. )  Set  the  period  for  2(X)itSec  (Fast) 

5. )  Open  the  Helium  valve. 

6. )  Save  S  seconds  worth  of  data. 

7. )  Close  the  Helium  valve. 

8. )  Set  die  period  for  SOmSec  (Slow). 

9. )  Save  5  seconds  worth  of  d^ 

10. )  Disable  data  logging. 


The  Helium  Valve  selection  opens  or  closes  the  mass  flow 
control  valve.  This  feature  is  cunendy  not  functional  until 
more  information  is  available  on  the  type  trf  valve  to  be  used 
for  testing.  This  feature  still  serves  a  useful  purpose  if  the 
valve  is  controlled  manually  m  or  about  the  time  the  computu' 
selection  is  toggled.  If  data  logging  is  active,  an  'OPENED" 
time  stamp  is  saved  ev&cy  time  the  switch  is  toggled,  for 
reference  during  an  XY  PLOT. 


Figure  2 


After  a  leak  hunt  test,  with  data  logging,  evaluating  the 
data  begins.  The  XYPlot  selection  in  the  menu  bar,  wiU 
launch  a  new  screen  (figure  2)  and  read  the  data  file  named.  In 
this  case  the  FileName  is  '121pm'.  The  plot  will  start  at  time 
zero  and  continue  to  the  end  of  the  data  file.  The  operator  can 
zoom  in  to  any  point  in  time  during  the  plot  by  manually 
entering  the  desir^  start  /  stqi  times.  As  the  plot  is  expanded 
the  data  points  will  be  rqnesented  as  stars  to  differentiate 
between  actual  data  and  the  connecting  lines  between  points. 
Along  the  top  of  the  plot  are  channd  numbors  in  a  color  diat 
corresponds  to  the  trace  coIot  for  that  channel.  Individual 
channels  can  be  de-selected  in  a  plot  if  the  data  is  obscuring 
other  channels,  or  just  want  to  mtdre  soeen  dumps  of  some  of 
the  channels.  'The  Files'  option  brings  up  a  choice  of  diffoimt 
files  to  plot.  Operators  can  view  the  latest  test  data  or  data 
from  inrevious  tests.  The  'Helium  Valve  Status',  indicates  aU 
the  times  that  the  helium  was  released  into  the  system.  The 
'Pump  Out'  display  shows  all  the  times  dutt  a  pump  out  took 
place.  Each  chWid  can  be  plotted  along  with  a  'flat  base  line'. 
This  line  helps  to  detomine  when  the  helium  reading  starts  to 
rise  above  this  point  of  reference.  A  rising  trend  indicates  the 
presence  of  helium  at  that  point  in  time.  The  'Nwmalize 
Point*  is  the  point  in  time  to  be  used  for  mmnalization  and  for 
drawing  the  'baseline'  shown  with  each  channel.  By  clicking 
on  the  'Normalize'  button,  the  'Reading'  at  the  'Normalized 
Point'  in  time  is  subtracted  from  evay  'Reading'  in  the  block 
(for  each  channel). 

The  last  program  feature  is  die  'Note  Bode'.  Selecting  this 
launches  a  new  window  to  display  a  text  file  for  general 
purpose  documentation.  When  the  data  file  is  re-examined  at  a 
later  date,  obsmrations  noted  here  will  be  used  as  a  reminder  of 
configurations,  and  the  circumstances  of  this  particular  test 

m.  HARDWARE  DESCRIPTION 

The  PC  initiates  an  analog  to  digital  conversion  by 
transmitting  a  START  pulse  to  all  leak  detectors 
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siiniilttneously.  The  leak  deiectocs  send  their  own  and  all 
data  from  die  le^  detectors  further  away  from  the  leak 
detector.  Data  can  travel  great  distances  without  degradation. 
Each  leak  detector  module  starts  its  A/D  conversion  at  the 
same  time  (■»•2^S  propagation  delays),  and  it  takes  13 
microseconds  to  convm  (using  an  ADC912  12  bit  A/D 
converter).  Every  interface  moduk  takes  8  microseconds,  plus 
1.S  to  2  pS  delay  between  interface  transmissions,  to  send  the 
data  back  to  the  PC.  Therefore  IS^numb^  of  modules  *  10) 
«  maximum  sample  rate.  The  present  application  program 
limits  the  sampte  period  to  200|js,  so  all  14  channels  can  be 
monitored,  at  this  rate,  without  concmn  of  losing  data.  The 
trmsmitted  serial  data  consists  of  12  bits  of  digitized  analog 
input  and  4  bits  of  range  setting. 

The  diagnostics  area  is  useful  in  troubleshooting  hardware 
{Mt^ems.  The  computm*  I/O  board  has  two  stmage  buffers, 
each  buffer  is  32k  by  8bits,  for  the  incoming  data.  One  buffi» 
is  filled  with  incoming  16  bit  data  while  the  other  is 
transferred  to  die  PC  main  memory  by  the  DMA  controller. 
Affer  the  transfer,  the  role  of  buffers  is  switched.  The  A/D 
conversions  can  take  place  with  a  precise  frequency,  while 
only  the  average  fr^uency  matters  when  the  buffo-  is 
traii^erred.  The  'Buffi'  and  'Buff2'  windows  are  references  to 
the  two  memory  buffos  in  the  acquisition  hardware.  The  hex 
values  displayed  are  the  numbo  of  voltage  readings 
accumulated  before  they  get  transferred  to  the  IBM  main 
memory.  As  the  value  displayed  approaches  '0x3FFF  (16k 
words),  an  overflow  may  occur  causing  a  loss  of  data.  The 
system  has  been  successfully  bench  tested  in  the  fastest  mode 
(lOOpS)  with  7  input  channels,  and  Data  Logging  enabled, 
without  the  loss  of  data.  This  lOOpS  mode  should  nevo  be 
necessary,  it  serves  only  to  demonstrate  the  limits  of  this 
system.  A  screen  dunqi  during  hi^  qieed  (200pS)  transfers  of 
7  leak  detectors  showed  an  average  of  '0x1730'  values 
accumulated  before  being  transferred  to  the  PC  main  memory. 
This  indicates  the  system  can  easily  read  7  leak  detectors  fw 
isoladng  a  vacuum  leak  within  inches.  The  ’Errors'  window 
displays  the  running  total  of  the  number  of  times  the  numb^ 
of  input  channels  is  not  equal  to  the  same  number  of  input 
channels  of  the  previous  block  of  readings.  This  can  occur  if 
digitizing  modute  are  added  or  removed  while  the  sysfen  is 
running,  <x  if  one  of  the  digitizing  modules  becomes  faulty. 

The  A/D  module  dimensions  are  12''x7''x4''  and  sits  on  top 
of  die  M^  Spectrometer.  The  future  plans  are  to  mount  the 
digitize’  modules  inside  the  Mass  Spectrometers  to  elimuuue 
the  extra  power  requirements  and  reduce  the  number  of 
interface  c^es.  Digitizing  modules  may  be  configured  many 
ways  dqiending  on  the  test  desired.  Two  bus  poets  are  provided 
on  each  digitizing  module.  Connection  must  always  be  made 
to  the  'Primary  Bus'  port  of  any  sending  module.  Connection 
to  the  'Secondly  Bus'  pmt  is  an  tuition,  for  'close  proximity' 
rqiplications.  Any  combination  of  sending  modules  is 
allowable,  providing  that  the  'Primary'  port  of  each  A/D 
module  is  used.  For  instance  if  six  digitizing  modules  were 
operating,  each  90  metms  apart,  and  an  additional  A/D  module 


was  connected  to  the  'Secondary'  port  the  3rd  module.  That 
new  A/D  module  would  become  #4,  and  what  was  4th,  5th. 
and  6di,  would  then  become  Sth,  6th,  and  7th  modules  on  the 
computer  monitor. 

The  asynchronous  data  transmission  on  the  diffoential 
twisted  pair  is  accomplidied  by  sending  a  synchronizing  bit 
with  every  data  bit  The  suggested  cable  for  this  system  is 
'shielded  twisted  pair'  (BeMen  DaiaLene),  although  'ribbon' 
cable  can  be  used  for  shM(<10ft)  tuns.  The  cable  is  driven  in 
a  diffinential  mode  terminated  in  100  ohms,  with  1500  ohm 
pull-up  and  pull-down  resistors  to  compensate  fm  the 
capacitance  of  long  cable  lengths.  The  bit  rate  is  4Mhz,  and 
was  successfully  tested  at  8Mhz  on  500'  (150  meters)  of  ctdile. 
The  PC  uses  a  programmable  clock  timer  to  transmit  the 
START  signal,  at  a  regular  interval.  After  transmitting  the 
START  the  PC  listens  for  responding  leak  detectors.  Each 
leak  detector  module  monitors  the  data  bus.  If  no  data  is 
moving  in  the  bus,  the  module  will  switch  to  the  receiver 
mode  to  wait  for  the  START  signal  from  the  PC.  The  leak 
detector  module  looks  fm  the  rising  edge  of  the  START  pulse 
to  start  a  conversion,  and  transmits  data  aftm-  the  falling  edge 
of  the  START  pulse.  When  the  Leak  Detector  module  is 
listening  and  waiting  for  a  start  pulse,  it  is  standing  ready  to 
transmit  a  START  pulse  to  the  next  Leak  Detector  module 
fiirdier  away  fimn  the  computer.  The  leading  edge  of  the  start 
pulse  firom  the  PC  initiates  a  data  conversion  in  all  Leak 
Detector  modules.  The  falling  edge  of  the  start  pulse  is  the 
signal  for  a  Leak  Detector  to  transmit  its  data.  After  a  Leak 
Detector  module  transmits  its  data,  it  will  drop  the  start  pulse 
to  the  next  leak  detector,  and  act  as  a  rqieater  to  rday  the  data 
from  leak  detectors  further  away  ftom  ^  PC.  back  to  the  PC. 
The  compute-  determines  how  many  channels  to  di^lay,  by 
how  many  leak  detectors  respond  to  the  start  pulse.  Errevs  will 
be  indicaled  in  the  diagnostic  window  if  the  number  of  leak 
detectors  changes  during  operation. 

IV.  DOCUMENTATION 

The  software  for  this  application  is  written  in  ANSI  C, 
widi  some  IBM  assembly  c^.  Procedures  ftn-  modifying  and 
compiling  the  code  are  dwumented  within  the  code. 

Data  files  created  and  associated  with  each  test: 
<d’ileName>.dat  ->  taw  block  of  16  bit  data. 
o.ctl  ->  bhx:k  sizes,  #  of  channels,  and  sample  rate 
o.txt  ->  documentation  file 
o.val  ->  helium  valve  log  file 
o.lpo  ->  pump  out  log  fUe 
o.pxx  ->  ScreenDump  files  (  up  to  100  may  exist ) 

V.  CONCLUSIONS 

This  system  could  have  applications  in  other  areas  where  a 
simple,  low  cost,  portable  di^  acquisition  system  is  requited. 
Bat^  operation  could  be  used  for  systems  requiting  complete 
portabilify. 


^  Operated  by  Universities  Research  Association,  Inc., 
for  the  US  Department  of  Energy  under  contract  No.  DE- AC35-89ER40486. 
^  The  Fermilab  Tevatron:  Vacuum  for  a  superconducting  storage  ring  (1983) 
CX.  Bartelson,  R  Jostlein,  G.M.  Lee,  PJ.  Limon,  and  L.D.  Sauer 
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on  Non  Evaporable  Getters  St  797 

J.  KfiatMOva,F.  Dicloa 
SincratronB  Mridm 99. 34012  IMMie. 


Abanet 

Nba  evaponMe  foom  (NBQ)  am  toq^tioo  rnamrialt 
widtiy  oMd  n  'yy-^— « mckaoiogy  to  aod  to 

UHV  coaditkiat.  For  its  opdaial  ntilizstion  k  is  tapactmit  to 
kaow  wbat  types  of  imenctioas  ate  doniBaDt  during  the 
soqNian  praoess.  Theoretical  study  oa  tke  soipdon  process  of 
noleealea  Ar  aad  CH4011  the  NEC  St  707  surfiKe 

hasheeBpetfoiBmd.BytheiBiethodofeiiyiricalpoiBmiaisthe 
total  hueiactioa  eae^  was  calcoktted  as  the  sum  of 
tS^ecsioa,  iqmlsioa,  ekcuoataiic  and  inductive  part  the 
energy.  The  NEO  amfiKe  was  iqnosented  as  a  MgCu2 
structure.  The  energetic  profile  of  i^wfching  of  gas 
molecides  to  Ae  snriMe  model  is  evaluated.  Theoretical  values 
of  aorptioa  eaer^  are  in  good  agieemeat  wiA  ejqKrime^ 
values  obtained  by  the  method  of  thermal  desorption 
spectroscopy  (TDS).  Trspping  effect  of  argon  during 
adsorption  of  otheriesidual  gases  was  abo  observed.  A  low 
soepAon  ptobddlky  of  m^iane  molecules  on  the  NEO 
sntAce  was  also  dieimsicafiy  exfdained. 


L  INTRCMJUCnON 


n.  THEORETICAL  CALCULATK»f S  OF 
SORPTION  ENERGIES 

A.  Methods  if  empirical  poteiitiats 

The  combinalipo  of  attmetive  and  repulsive  terms  give  the 
most  types  of  empirical  potentials  bm  they  are  vdid  only  for 
the  unpOlar  mid  naduaged  systems.  To  cakulale  intenctioo 
eomgies  between  more  comfdicated  systems  Ae  terms 
deacrkwig  Ae  coulombic  and  inthictive  part  ci  interaction 
energy  ate  added.  However,  this  addition  "abolishes  the 
equillMnm”  oi  attractive  and  rqmlsive  terms  but  in  this  time 
o^y  this  is  the  simidest  way  to  calculme  the  interaction 
energy  between  large  polar  and  charged  systems. 

The  total  interaction  energy  betwemi  the  sorbent  and  the 
gaseous  molecule  can  be  qiproximmly  devided  into  the 
individual  comributioos  of  diveision.  rqpiilsive,  inductivB  and 
coulombic  forces: 

EBEo4-Ea  +  &-t*Ec  (1) 

The  contribution  ci disptxaan  (attractive)  forces  is  [3]: 


Non  evaporSUe  getters  are  widdy  used  to  obtain  HV  or 
UHV  conditioBS  A  particle  acoeleraiars,  plasma  machines, 
evacuaied  stdar  cdkciors  and  other  vacuum  systems.  St  707 
wafer  module  sli^  manuCKtuied  by  SAES  Getters  S.p.A.  is  a 
ternary  alhry  consiaiing  of  [1]:  2Sr  s  70%,  V  a  24ii%  and  Fe  a 
S.4%.  The  optimam  performance  of  the  St  707  getter  is 
obtained  after  actrvaiioo  at  a  temperature  of  30O-S00  ^  under 
dynamic  vacuum  conditions.  For  its  optimal  utilization  it  is 
ia^wttant  to  know  what  Qfpes  of  mteractions  during  the 
sorption  process  are  domintmt,  these  ones  can  be  evalumed 
according  to  vahms  of  sorption  energy. 

Theoretical  studies  of  Ae  elementary  process  of 
interactions  between  tiie  surfitce  and  gaseous  mdecuks  are 
otdy  at  the  beginning.  If  durhig  Ae  H^tersction  of  two  systems 
the  long  range  forces  are  dominant,  Ae  mteraction  energy 
might  be  according  to  the  method  of  empirical 

Values  of  sorptkm  energies  obtained  by  the  method  of 
mtqiiricd  potentiab  could  be  corrgMted  by  eiqieritnental  values 
mtmratred  by  die  method  of  ther^  desorpto  spectroscopy 
CTDS).  TDS  provides  die  easiest  way  of  predicting  omgassing 
effiKt  inside  a  vacuum  chasBber.  From  die  Atifaenios' equation 
which  describes  the  desorption  from  the  surface  a  simple 
expression  for  caicuiation  of  sorption  eiBrgies  was  derived  E2]. 
Sofption  charameristics  of  H2,  N2.  OO2.  Ar  mid  CH4  were 
meiisnred  m  die  temperature  range  of  20  -  S(X)  During 
adMrption  of  CO2  on  St  707  NEG  surCsce  a  production  of 
methane  was  observed. 


Where  C|jbAeKirkwood>Mnikr  [4,5]  constant 

8iA«  Cj 

Xi  Xi  (3) 

m  is  the  mass  of  dectron,  c  is  the  velocity  ci  ligA.  04. 0^  are 
the  polarizabilities  of  interacting  particles,  their 

molar  diamagnetic  snscqptibilities,  to  is  the  dielectric 
pennitivity  of  vacuum,  r  is  Ae  distance  of  the  particles  i  and 

j. 

The  rqwbioo  term  is  expressed  [3] 


Ea-5:5:B«r|^^ 


(4) 


B  is  a  constant  determined  by  oonditioia  of  mirumsl 
ftar  nonbounded  interactions 


Ba 


-i-rSCy 

2 


(5) 


r^  is  the  equilibrium  distance  equal  to  addition  of  Van  der 


Waals*  radii  of  mtetacting  atoms. 

Induction  part  mteraction  energy  is  approxiinaied  [6] 


(6) 
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0^  ii  lit  poirtwiMHiy  of  •  |M  OMtleGiriB  aad  is  dM 

flHlMJf  Of  WGBQHK  wwl  CMWI  Oy  Vl9  nnCC. 

TIk  clociRMlMic  (oorionMc)  pM  of  tecnKtiOQMoqiy  it 
liMa  ly  ioiBnctiM  beiwm  tiM  dM^ie  (Hsttiba^ 
sorteat  qi  and  die  cIhkib  dbtribatioa  qy  of  die  soibed 

■aMesm 

tf  tike  sorbed  moleeide  has  no  pcnBsneot  di^  moment  bot 
baseqaadkriqmi  moiDent,  die  dectrosiaiie  part  of  tattnctioo  is 
fjMtk 

Ec»^^^]^^qi<BC3cort- l)i^ 

idm  andle  S  givea  dm  <Kieaiatiaa  of  die  moleculB  qnadrapok 
moaMni  venae  te  potiikmal  vector  i^. 

B.SmfaceModdaitdOicxiadoia 

The  stmctaie  of  Zr-V-Fe  alloys  was  studied  by  XPS 
amdysis  [9)-  These  atwctutes  omld  have  die  cubic  strunuie 

c  >  0.74S,  0.734  or  0.708  nm.  Then  me  8  MgCui  nKdecules 
in  die  fine  cememd  lattice.  Mg  atoms  am  omfonaly  fdaced  in 
dm  distance  of  0.291  nm,  •  Cu  distance  is  03(^  nm.  The 
snrbce  of  St  707  NEG  was  iqinsenied  by  dm  known  sm&ce 
of  h^Ca2>  Md  atoms  wen  le^aoed  by  Zr  atoms  and  Cu  was 
sdbdtntedby  V. 


Figun  1.  Total  energy  corves  of  interactioas  between  die 
NBG  svfime  and  OP2,  and  CHs  mdecules. 


Computer  progiam  AIWEG  gives  a  series  (rf  corves  for 
di^mrsioo  and  rqmlsion  pmt  of  the  interaction  energy, 
fodiittion  sod  cooloinlwc  parts  wen  not  evduated  yet,  then  an 
no  dm  about  dm  NEG  charge  distributioa  pidilished  in  dm 
iiieninfe.  Vaioes  of  atomic  polarizabiiities,  molsr  diamagnetic 
snaoepiibilitms  and  van  der  Wadis'  radii  of  interacting  atoms 
wen  taken  fiom  ref  .  [9]. 


Then  am  shown  fo  fig.  1  dm  carves  of  total  interaction 
energy  with  NEG  surfoce  for  gases  OO2,  N2  and  CH4.  The 
vahm  of  sorption  energy  conesponds  to  the  total  energy  in  the 
4pf|Hm  mfaiimnin  of  dm  sorptioo  poth. 

m.  EXPERIMENTAL  INVESTIGATIONS  OF 
SORPTION  cm  IHE  NEC  SURFACE 

A. ExperimenkdApparta>uandProcedme 

A  WP  9S0  module  with  the  St  707  NEG  alloy  was 
installed  in  dm  rectangular  stainless  steel  vacuum  chamber. 
Total  pressun  ohimges  wen  measured  by  ordd  oadiode  IPG 
300  Fermii^  gauges. 

A  qaadrupole  mass  aimlyzer  Balzers  420  was  used  to 
monitor  the  thermal  desorption  of  gases,  as  well  as  the 
compositioo  of  leskhnd  gases  in  dm  UHV  system.  The  mass 
qpectrometa  was  contmcted  to  an  IBM  PS^  compota  through 
its  RS232  interfhce.  Mass  selection  and  scanning  was  then 
performed  from  the  computer.  During  the  thermal  desorption 
experiment  nveral  masses  wen  selected  and  then  signal 
intensities  as  a  function  ci  tempetatum  wen  stored  in  the 
computer. 

The  vacuum  system  was  boked-out  at  3S0  **C  for  24 
hours  while  the  NEG  module  was  passivdy  activated  at  260 

The  pressun  equQibrmm  after  cooliqg  was  reached  m  dm 
range  of  e-9  mbar.  Then  the  NEG  module  was  resistively 
heated  up  to  SOO  %  and  the  desorption  and  mass  spectra  wen 
measured. 

Aftn  obtaining  well  rqvodncible  results,  the  NEG  was 
exposed  to  the  desired  amount  of  test  gases  at  room 
lemperatun.  When  dm  pressun  in  dm  chamber  was  lower  than 
S.e*10  mbar.  the  NEG  was  heated  up  to  SOO  **C  at  a  oonstartt 
heating  ram.  Selected  masses  and  pressun  changes  wen 
simidtaneously  monitored. 

The  sorption  enngy  was  evaluated  according  to 
expressian  [2] 

E»RT«/ln^  +  ln— J — \ 

{  •  l„53k/ 

\  a  /  (9) 

when  R  is  the  gas  constant,  v  ■  kT/h  is  a  rato  constant;  kji 
an  dm  Brdtzmarm’s  and  Phodc's  constants,  respectively. 

B.  Results  and  DiscussiOHS 

A  typical  desorption  spectrum  is  shown  in  fig.  2.  together 
with  dm  curve  of  dm  temperatun  increase. 

This  desorption  qmctrum  conqirises  two  peaks:  dm  first  at  dm 
temperatun  78  (351  IQ,  the  second  at  348  (621  K). 

The  analysis  of  residual  gases  gives  dm  highest  intensity  fiv 
masses  2  (H2*),  16  (CHs*.  NH2*,  0+).  20  (Ar**.  HF^).  28 
(CO*.  N2*),  40  (Ar*)  and  44  (C02^. 

Swption  energies  cakulated  aocodtng  to  ejqxession  (9) 
fw  both  peaks  an  96  kJ/taiol  and  176  kJ/mol,  reqmctivdy. 
The  lower  energy  cotieqmods  to  the  wedcly  sorbed  molecules 
or  atoms  which  an  desorbed  from  dm  polyrndecular  layers. 
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ThnMd  OsMMipUoB  ipKtnun  md  iMBpnMitre 


Dempdoa  Md  MH  ipectn  after  NSO  eqxMM  10 

did  BQi  Mttaw  ligwOTraf  dkmgn.  Hw  fini  peak  wm  only 
iMaltfy  Uaher  daai  oae  m  fta  liackBoaDd  TDS  AMCtnaL. 

(he  Bwamad  aaiB  of  <|MA  (>e-S  A)  lirnawt  of  a  l«io 
iMfM  of  demM  iQfftKft^  ItcM  be  ooadadad  that  oaly  a 
■a^  ir**ri**  of  Iqidrafea  it  ybydaoAed  aad  a  Myor  pan 


It  it  wdD  kaowB  that  the  NEC  doet  act  ^Gect  aoUe 
gaM  Bat  ia  Bwanrad  demptioa  aad  aiatB  qwtta  aa 
iaciwate  of  laataet  20  aad  40  hat  bcea  obaerved.  After  the 
NEO  eapoeare  lo  Ar  at  the  iraqieiaiaBe  of  200  **C  md 

aod  40  mt  ^  t^aificaaL  After  fladdag  the  NEC  to  500 
dtoo  laataet  20  aad  40  awre  comprited  ht  the  first  peak  of 
fuS  epeciiuat* 


After  MEG  etpo—  *>  atetjeae  dw  aecoad  TDS  peak 
«aa  anrheaioBd.  aaNtea  14  aad  28  coneM"ded  to  dw  firtt 
TDS  peA  aad  were  auch  higher  thaa  the  oaea  hi  the 
backMaad  epectiaai.  Theeeftae  it  ooald  be  dedaced  that 
ahragea  it  aioatty  waaidy  aodhed  with  the  caeigy  of  ~9l 
kl/htoL 

After  NEG  etpoewe  la  COi  the  fint  deeoiptiea  peak 
togethw  with  met  44  (COg^.  28  cm  aad  22  (CXh^ 

_ _ _  a _ ^  _ _ •_  a _ a _ _  a  __al _ ^  a. 


IV.  CONCLUSIONS 

A  deeoiptioa  pepcees  ftoai  the  St  707  NEO  alk^  pataet 
ia  two  eiepe.  In  fte  frttdetoipiiQapeak  aD  laaeaet  of  retidaal 
gat  ndxture  are  obaeiaed  and  dw  trapping  eftect  of  Ar  coold 
oecared.  Theoeedcd  vahwt.  hi  tpite  of  roagh  appnniinationt. 

mm  fat  ipka  gnnd  rngjirmtiifma  ■]rfc»  iruy 

aeiptiaa  pnftabffity  of  nMaae  waa  coafiraied  by  the  ehnOow 
nihdaMaB  on  die  catiie  of  total  iaieiaciioa  energy. 


of  2S0*C.  ft  oqbM  be  aappoaed  that  OCh  dbaortie  thraagh 
iwo  oiBcitsi  wofppcNi  lOMnte  coffc^wiigim  spipon 
eaeagtaearaOS  and  I4dk|ftnL 

Dating  i^ecdoa  of  OO2  into  the  vacaaai  chaatber  the 
hKteaae  of  iMaaes  13  (CH*).  IS  dCfh*)  and  16  (CHU^  was 
obaerved.  which  coeieepoade  to  methane  km  ftigiysdt.  A 
idaaeAfle  tcheam  of  neduaw  prodacdoa  may  be  foiaadaied 
aafoBowr 

OO2^i->O(>2(pd0 

Sadl”'’^ad) 

A  dqwadeaee  of  methane  prodactioa  on  NEG't 
temperatiae  aarfhoe  wat  alao  ahidM  The  modide  at 
temperdareiflfS^  100^  150^200  and  250^  wat  expoaed  to 
die  aaam  amoant  of  002.  No  aigaificant  hAwnoe  of  I«0 
tlapeaiiaeoBnmthaBfiiaoduc  don  wat  Obaerved- tee  fig.  3. 
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jPMftdtiorptton  Expcriiiieiits  on  SSC  CoHider  Beam 
lUbe  Condgunitions* 
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Ataraet 

E^yerineniri  nMannsMBii  of  plioiodetaq)doB  coeffi* 
cieais  of  H2.  Cli4.  CO  and  OO2  «e  beoig  dooe  K)  obMiB  daift 
Boceinry  10  prwMffi  ibe  vocomo  j^nfonnanco  of  CcAidea^ 
EjqwriaaetNi  ba¥s  boaBdaoB  or  am  ptawd  for  wwm  tttea^ 
fooea  teaapaMun^oQld  tdbea  ^  4^  K)  aod  liner  cpufiiiia 
dona  Oa  A1  K.  20‘IK  and  80  KO-  TWo  ^wdnotron  radiation 
bcamlinea  have  been  cooswicted  00  ifae  VEPP-2M  noaige  ring 
at  BfolP.  Russia.  The  photon  crtikal  eaeiiy  is  284  eV.  aa  in  die 
SSC  Collider,  aa^  of  incideaoe  is  10  mrad.  To  date  apjpmi- 
naidy  fifteen  warm  beam  tabes  have  been  tested,  hiehrihtg 
elBCliedepoaited  Co,  hi^  porfty  bdk  Ga  and  Nhraaic  40  SS, 
aevemi  deawfog  proceddma,  will  and  wihooi  iiHsiB  hdcinf 

MO  Wn  MO  wRIKMI  mpiBQB  IMOi  IM  mOKHnUBH 

photon  dose  was  achieved  was  2«10f^  photonafoi  on  the  1^ 
iateasity  beamline.  Sevctal  experiments  havebean  done  on  dm 
VUV  ring  at  BNL  to  chedr  n  aBboet  of  the  BOV  data  and  to 
extend  the  iaiagraat  d  pinion  Aitx  op  to  TO^  pboionafoi.  of  100 
d^  of  SSC  operation.  The  dam  fiom  the  warm  experaaema 
wiUbeaaed  to  evriaate  the  best  nftea  to  be  ased  in  the  alM 


LWlRODUCnON 

wQQpKjf  BKIOIHO  SI  W  udM  lODC  QD6  ID  DROwOI8*SBh1IhHQO 

deatiption  CPSD)  can  be  a  problem  for  achieving  desbaUe 
beam  carvent  and  Ufothae  in  foe  SSCL  20  TeV  proton  001- 
Uder.[l]  Una  problem  may  be  signfficantly  redaoed  tf  ^propri- 
am  aunerial  and  proper  pretreatmeat  prepares  for  dm  beam 
tube  can  be  foand.  In  order  to  tea  the  selection  Of  both  dm 
appropriMB  material  and  proper  deaniag  tecfamgae,  we  have 
eiqxM^  about  fifteen  potent  candidates  for  coDider  beam 
iBDBi  10  tyocirairoii  iMiflpoo  on  im  two  ocMiiBPi  wkoiindci 
hi  nNP.  Rnasia  and  ondm  UKS  beamtiae  of  dm  NSLS  VUV 
ring.  EaA  saaqile  is  1  m  long  and  33  mm  inside  (fiameier(lD). 
Three  basic  matmiidB  for  tabes  have  been  mated  so  for.  etoc- 
tiodqnaited  Ca  (SBvex  and  Rafamami).  bdic  'Ca  (Hiaefai 
10100)  mid  Niaonie  40  SS  (ASTM21fi9).  These  tube  samples 
werd  cleaned  following  two  ttittahigh  vacuum  demtii^  proce> 


*.OSiniit>yn«liMvinaiMlUiMWliAiioci«iMil[w.iDrawUS 
niiavWiwiqfaMiiyMitvriiwiMWfc  D6-AC3S4iat«MaS. 


dnres  naed  at  BNL  and  at  CERN.  Photodeaorption  measure- 

DVBQB  WQIO  WBO  BhOD  10b  QuIwICiH  CnlDOnHlOOBI  CDllQIBOIIS» 

sach  as  *ia  situ**  bake  of  dm  tested  smi^  and  wihthepres- 
ence  of 500-1000  G  mt^netic  field. 

n.  EXPERIMENTAL  DETAILS 

,  BasfoparameteisofthBilBeebeamlinesuaedforeqmti- 
ments  ate  ghma  in  Table  I,  whero  E  •  particle  enmgy;  I  •  beam 
carrem^  y-  refotividtic  focior.  E,,  *  crikd  energy  of  photons; 
dT/dt  -  pnjpton  flax;  d  •  angfo  of  incideace;  W|/2  -  FWHM  strip 
height  of  photons  with  the  metfian  energy  £{>2  >  23  eV;  D  - 
dISttllCC  pOflIt* 

The  WL  experimental  aetap  has  been  described  in  detail 
prBviooaly.[2]  Hm  we  give  some  dentils  of  foe  BINP  beam- 
fines.  The  main  tfifforence  between  dm  two  BINP  beam  lines 
is  dmjdistance  fiom  dm  aouce  poiit  of  ^mchroiroo  latfiation 
la  dm  beam  tabe  makr  mm.  Tbe  photon  flpx  on  foe  SSCl 
iiMmteiit  is  ottiUmamd  in  both  dm  vertical  laid  i«o>tw”*al 
(JJypBCtlOIIS  in  order  to  expoae  oidy  foe  test  tube.  Ihero  it  a  kms 
of  appronimaidy  25%  of  low  energy  phoiofia  due  to  vcitical 
c^hamion.  Oa  SSC2  i^woHn*  dmte  is  ao 
tin  due  to  very  tiiort  distance  fpqm  foe  source  poiu.  A  calo- 
timeteifolectromyr  is  instaBed  on  foe  end  of  tbe  SSCl 
beamfiae  to  laeasixe  foe  power  aad  iamnsior  of  reflected  pho¬ 
tons  leaving  tbe  tube. 

The  vacaum  tysteana  of  SSCl  and  SSC2  are  foe  smne. 
The  main  pan  of  these  systems  is  a  SS  fixinre  witidi  contains 
a  cdibraied  ROA'aad  ion  gage  initalled  at  dm  center  of  foe 
fixture.  Tubes  to  be  mated  are  insened  into  the  fixture  fiom 
one  end.  This  aetnp  aflowsnsmg  foetnbecondncmncetocal- 
cufomphotodesoiptioocpefficiwaainamad  of  foe  conductance 
of  a  spedally  ma^  orifice  placed  at  one  end  of  dm  adm,  as  in 
the  experimennd setups  used mCERNP]  and  BNL.  Ateach 
end  of  dm  fixture  there  is  a  combination  km  and  titaaram  aub- 
fimation  pnnqi  with  load  pumping  speed  dioat  1000  Ifo  for 
H2.  Two  afl-metal  gam  valves  locatedondmeodsofifaefix- 
iare  mid  small  valve  installed  between  foe  measnrement  unit 
and  the  fixture  allow  isdation  of  dmbeamliim,  pnmpa  and 
rwfasurmg  etpnpnmnt  during  of  ^«»«pt» 

Each  vacaum  syatem  was  initially  baked  at  300%  for  24 
boars,  ^ker  a  sample  is  installed  it  is  uaaally  pmqmd  for  48 
hours  and  foe  haae  pressure  is  about  2*10^  lonr  ai  foe  center 


0>7III3-12IB-1^»03.00  0 1999 BEE 


IMdel 

SyachrotroB  nditiOB  beamline  pmnieters 


Beanfine 

E,MeV 

LmA 

y 

B»,eV 

dT/dt, 

phMifo 

8>mrad 

Wiy2.nua 

D,m 

SSCl 

534 

300 

1045 

DSffll 

52 

”  11;65 

534 

1045 

284 

8.4-10** 

10 

8 

1.75 

UlOB 

740 

1448 

490 

12 

16 

507 

SSC 

MO^ 

70 

21322 

284 

1.0*10** 

2 

4 

20 

before  beginning  expouneots. 

Each  tube  an^  is  eognved  with  s  mimber  «id  chemi¬ 
cally  tteaed  before  experiments.  Most  of  the  ufoes  have  been 
clened  U  the  NSLS  cleaning  focility  at  BNL  by  osh^  a  stan- 
daed  procedure  for  this  focility.  To  compare  phocodesoqitjoo 
residtssevenliifoeswereclea^attheCERN  cleaning  focil¬ 
ity.  Gencsally  no  strong  etch  treannent  was  applied  to  the 
ufoes.  Ihe  one  ctcgnioo  was  at  CERN  where  two  bulk  Cu 
tubes  were  heated  by  a  strong  acideich. 

Tlnee  types  of  mqwrimetts  were  performed:  (a)nobake, 
no  magnetic  field;  (b)  vacuum  bake  at  150%  or  350%  for  24 
hrs.  no  magnetic  fi^  (c)  no  bake,  with  magnetic  field. 

m.  BASIC  RESULTS 
A.  Silvex  Electroplated  Cu 

So  for  eleven  experiments  have  been  done  with  SQvex 
dectroplaied  Cu  tubes;  eight  sanqdes  at  BINP  -  three  on  the 
SSCl  beamline  and  five  on  SSC2  -  and  three  samples  at  BNL. 

(a)  no  bake,  no  uoagnetic  field 

Hve  tubes  have  been  tested  under  these  experimenudcon- 
ditians,fooratBINPandoneatBNL.  GeneiaUy  results  trf  aD 
these  ejqKrimeats  are  ahnost  the  same  and  haveasnulldiffor- 
encein  initial ii*s.bitial  ii’sdifferbyl50%,intqmteddes- 
oqxion  yields  at  lOi^  pbotonAn  Iqr  1 20%.  A  Qrpical  {dot  (rf 
photodreoiption  yield  versus  integrated  photon  flux  is  shown 
in  Figure  1. 


phoioiit/lni 


Rgure  1.  Photodeaotptioo  coefficients  for  unbaked  Silvex 
electroplated  Cu. 


(b)  vacuum  bake,  no  magnetic  fidd 

Tube  #003  was  bdced  at  130%  for  24  Ins  and  then  was 
exposed  to  photons  cn  SSCl  beamiine  iq>  to  lO^*  phoionsAn. 
We  did  not  notice  any  significant  difference  in  pbotodeaorp- 
tion  coefficients  conqiared  with  an  unbaked  sample  (tube 
#002)  exposed  to  the  same  photon  flux  in  SSCl.  For  exam^ 
the  integrated  mounts  (rf  desorbed  H2/CO  wme:  1.0*l(r*/ 
2.6*10”  moleculesto  for  tube  #003  with  bake  and  7.0*10^*/ 
1.3*10'*  for  tube  #002  without  bake. 

Tube  #032  was  baked  at  350%  for  24  hrs  and  then  was 
exposed  to  photons  on  UlOB  line  at  BNL.  Results  of  this 
experiment  are  riwwn  in  Hgme  2.  The  initial  i)*s  for  main 
peaks  are  reihiced  qipraximately  an  order  of  magnittide  com¬ 
pared  to  the  unbaM  tiibe  in  Figure  1.  However  doe  to  a 
smaller  rate  of  cleamg)  of  die  baked  tube  thedesorptionooeffi- 
cients  are  almost  the  same  tt  -10**  photons/bi  fiv  the  baked 
and  unbaked  hibes. 


photons^ 


Rgure  2.  Phoiodesoiption  coeffidents  for  M  rim  350%  baked 
Silvex  electro^aied  Co. 

(c)  no  bake,  with  magnetic  field 
Two  e^qteriments  have  been  done  with  magnetic  field,  one 
on  the  SSC2  bemline  at  BINP  aid  one  on  the  UlOB  beamline 
a  BNL.  At  BINP  we  used  an  electtomagnet  with  ~S00  G  verti¬ 
cal  magnetic  field.  The  oqierimental  data  are  shown  inRg- 
ore3.  Moa  (rf  the  time  the  magnetic  fidd  was  switdwd^on” 
and  for  short  periods  it  was  “off”.  Only  slight  differences 
between  “on”  and  “off”  periods  were  noted  and  are  not  visible 
inFigure3  Q.e.  no  initial  difference  in  photodestapdoncoeffi- 
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Hgure  3.  Phoicxlesamtioo  ooefificients  for  Silvex  electroplaiBd 
Ca  with  magnetic  fiod. 


B.  FhAmtmn  Electrofimd  Cu 

One  saBDple  of  Ftainano  deetrairtaied  Ca  has  been  tested 
atBNL.  Congmriaf  with  Sihittt  tabes  the flriy  essential  dif* 
fenaoe  is  in  the  itiM  1)  far  H2  whidi  is  itod  five  times  less 
fariheFlahnianB  tube  fasB  the  Silvex  lobe  shown  in  Figare  1. 
However  as  10°  photonsfai  the  Fhdmiann  and  Silvex  tdKS 
have  essenthdly  the  same  magninide  of  fdioiodesotpiion  coef- 
fidents  far  an  gases. 


Cu  and  bulk  Ctt  have  roughly  the  same  magairude  of  pbosodes- 
orption  coeffidents  and  of  phoiodeaoibed  gas  Ox.  within  a 
factor  of  two).  Ihe  iSffC  bake  deoeased  the  amount  of 
desorbed  at  10°  phoiooiAn  by  a  factor  of  three  and  00  by  a 
factor  (tf  five.  Magnetic  field  has  no  effect  on  initid  photodes- 
flsption  coeffkieats  and  there  is  mnoKunaaely  10%  Mgh*r 
photodeaorptioo  of  with  field  **oflr  cmqpmd  to  field  W 

at  10^  phcsonsfai.  Differences  in  cleaning  procedures,  t«*irfaif 
versos  no  baking  and  materials  are  most  prononnced  in  the  iiti- 
tial  desorption  coeflicients  and  lead  to  deoeaae  to  km  than  a 
factor  of  two  by  the  time  a  photon  flux  ~10°  phoionsfai  hm 

DCCa  tCtCDtCL 


Tabk2 

Photodesorption  coefficients  and  amount  of  photodeaorbedHj 
and  CO  for  differem  testsam|des  at  10°  photonsfai 


Tbbesampk 

mdecuks^photon 
at  I(y°photonsfai 

mdecuksfai 

H2 

HQH 

Ha 

CO 

ElecCu(S‘) 

^^1 

5.M0‘* 

13-10*’ 

ElecCiKS), 

SSOPCbake 

93«10'* 

1.4*10r® 

1.7-10*’ 

Z8-10** 

ElecCu(S) 

wiihB 

l.4-10-^ 

3.0-10-^ 

33-10*’ 

8.1-10** 

BecCu^ 

13*10^ 

2.8*l<r* 

23-10*’ 

53-10** 

BuOcCu 

93.10*^ 

2.0*10*^ 

2.4-10*’ 

7.4-10** 

*  S  •  Silvex,  F  •  Fhdunann 


C. OFHCbuOtCu 

Tbree  C^C  bone  Qi  sanqdes  have  been  tested  on  SSCl 
m  BfflP  md  one  at  BNU  Generally  the  iiutial  photodesorption 
ooeffickats  obtained  fiom  these  experiments  are  approxi* 
mntdy  2  to  S  times  km  then  far  ekangdaled  aanqpies  witii  die 
same  ckaamg  procedure.  In  addition  a  rather  huge  decrease  in 
htitU  desorption  cotfRcknt  was  obtanied  widi  the  CERN 
skong  acid  etch  procedure  compared  to  dm  WQ,  procethoe 
widi  sfight  acid  etch . 

D. Nbromc40SS 

Eiqierimems  on  stainkss  steel  tubes  have  been  done  a 
BINP  on  SSCl  beamUne  to  compare  results  with  earlier  data 
fiom  BNL  experiments  perfimned  by  Halania  and  Foer> 
ater.[4]  Good  agreement  between  dm  new  and  earlier  data 
gwoconfidenoe  fit  the  erqmrinmntai  procedures. 
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IV.  SUMMARY 

In  TaUe  2  we  smnmarfare  the  tesahs  of  this  paper  whfa  a 
comparison  of  desorption  coefffcknts  and  amount  of  desorbed 
gm  at  10>°|iioionifiBi  fisr  and  CO.  Leaving  dm  3S(FC  bake 
aside,  at  10i°photOBsfaiSaveK  and  FlohwaimekcttDdqiositBd 


3878 


The  Heat  Load  of  an  80  K  Liner  for  the  SSC 
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Sipereoaductiaf  SqjCT  Colfider  Laboraioiy* 
2SS0  BecUeynwKk  Avenoe.  DalUtt.  TX  75237 


Abst^ 

The  Sapevconductiflg  Super  Collider  (SSC)  will  be  the 
first  proton  machine  in  which  synchrotron  radiation 
significantly  affects  the  cryt^enk  systmn  and  the  beam  tube 
vacuum.  Synchrotron  radiation  rqjresents  the  single  largest 
heat  load  on  the  4  K  singlei>hase  hehum.  It  also  provides  a 
meduHiism  by  which  hydrogen  can  be  desorbed  from  the  beam 
tube  wall,  graduaUy  worsening  the  vacuum.  Insertion  of  a 
poforated  and  heated  liner  into  the  cold  beam  tube,  together 
with  a  sirq;>  of  cryosorbmr,  effectively  creates  a  distributed 
cryopump.  Such  an  anmigement  is  an  attractive  solution  to 
possible  vacinnn  problems,  provided  it  does  not  increase  the 
heat  load  on  the  single-phase  helium.  In  this  pt^ier,  the 
primary  mechanisms  of  h^  transfer  from  an  80  K  liner  are 
consideied,  and  the  restdts  of  measurements  on  heat  conduction 
Arough  prototypical  mechanical  supports  are  preseitted. 

I.  INTRODUCTION 

Synchrotron  radiation  desorbs  hydrogen  from  the  beam 
tube  (tf  the  super  ctrilidn',  reducing  the  vacuum  and  adversely 
affecting  Ae  luminosity  lifetime  [1].  One  solution  to  Ais 
proUem  is  to  place  a  rUstributed  cryopump  within  the  beam 
Oibe  which  will  tn^  desorbed  gasses. 

A  distributed  cryopump  can  be  effected  by  attaching 
cryosmber  to  the  cold  (4  K)  magnet  bote  tube.  A  concentric 
tube,  or  liner,  centered  wiAin  the  magnet  bote  tube  riiirikls  the 
cryosotber  from  the  synchrotron  radiation,  and  becomes  Ae 
beam  tube.  By  perforating  a  fraction  of  the  liner  smfece  wiA 
small  (on  the  order  of  1-3  mm)  holes,  the  liner/cryosother 
assembly  bectmies  a  distributed  pump.  The  lina*  tenq)erature 
may  be  allowed  to  equilibrate  at  a  tonperature  close  to  tha(  of 
the  4  K  bore  tube.  However,  actively  stationing  the  liner  at 
80  K  is  of  interest  because  Ae  synchrotron  radiation  heat  load 
can  Aen  be  mnoved  to  Ae  liquid  nitrogen  system.  This,  at 
least  partially,  decouptes  the  allowable  beam  current  from  the 
heliuA  cryogenic  system.  Active  control  is  accOnq^shed  by 
memis  80  K  h^um  flowing  Arough  a  trace  tube  attached  to 
the  outside  of  the  liner.  A  cross  section  of  the  magnet  bore 
tube  wfth  an  80  K  Uno'  is  Aown  m  Rgnre  1. 


is  the  boric  unit  of  the  collider,  is  90  m  long  and  conrists  of 
five  dipoles,  one  quadrupole,  and  one  q>ool  piece).  The 
syhclffotron  radiation  rqireaents  about  40%  of  the  total  4  K 
heat  load.  WiA  an  80  K  Unar,  however,  the  4  K  synchrootm 
radiation  hiad  is  rqilaoed  by  a  fixed  heat  load  associated  wiA 
Ae  liner,  while  the  intBrcq)ted  synchrotron  load  is  transferred 
to  the  LN2  system.  This  fixed  or  static  liner  heat  load  is 
independent  of  Ae  collider  beam  current. 


Figure  1.  Cross-secticMi  of  nuignet  bore  Abe  wiA  liner. 


For  an  80  K  liner  A  be  practical,  it  must  not  impose  a 
heat  load  on  the  smgle-phase  helium  that  is  greato'  than  Ae 
baseline  dynamic  heat  load  of  the  synchrotron  radiation.  A 
cof^ervative  budget  for  Ae  static  heat  load  has  been  set  at  5  W 
per  half-cell,  which  is  less  than  half  Ae  nominal  baseline 
synchrotron  radiation  heat  load.  Details  are  shown  m  TaMe  1. 
I^-negligiUe  contributions  A  Ae  static  heat  load  arise  from 
conduction  through  mechanical  supports,  Uackbody  radiation, 
end  conduction  through  interconnect  pieces  where  Ae  trace 
Abe  penetrates  Ae  4  K  bore  tube,  and  conduction  through  the 
beam  position  monitor  (BPM). 


Table  2 

Static  Liner  Ifeat  Load  (W  per  component) 


Diixde 

Quad 

Spool 

Half-cen 

Support 

0.50 

0.50 

0.30 

3.30 

IR  radiation 

0.20 

0.06 

0.04 

1.10 

Iniereonnect 

0.05 

0.05 

0.05 

0.35 

BPM 

0J26 

0.26 

Total 

0.75 

0.61 

0.65 

5.01 

n.  HEAT  LOADS 

The  SSC  is  the  first  proton  machine  in  which  Ae  synchrotron 
radiation  heat  load  is  rignificant  At  baseline  operation  Ae 
synchrotron  load  is  10.85  W  per  half-cell.  (A  half-cell,  which 
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One  BPM  is  located  tu  Ae  lead  end  of  each  qxxd  piece, 
and  rqnesents  a  nuyor  portion  of  Ae  heat  load  attributed  A  Ae 
spool.  However,  since  there  is  only  one  per  half-cell,  its 
contribution  A  Ae  total  is  small .  The  case  is  similar  for 
mrerconnect  contributions,  m  that  Aey  are  discrete  not 
dqiendent  on  lengA.  Thoe  are  seven  mterconnects  pet  half¬ 
cell,  one  associated  wiA  each  component.  Trace  Abe 
penetrations  of  Ae  4  K  bore  Abe  have  been  carefully  designed 
A  keep  Ae  heat  load  associated  wiA  each  one  small.  ThusAe 


3879 


(4) 


sum  of  die  intefcoaiiect  heat  loads  is  only  7%  of  the  t(^ 
iwatload  per  half-cell.  BPM  and  interconnect  ttesigns  are 
fenendty  considend  10  be  within  budget 

Blackbody  radiation  from  die  80  K  Uner  to  the  4  K  bore 
tube  and  conducdon  through  mechanical  supports  combine  to 
generate  the  largem  portion  of  the  heat  load,  with  conduction 
through  the  supports  being  the  greater  of  the  two.  Radiation 
is  (MIcult  to  i^uce  to  budgeted  levels  when  the  cryosorbm’, 
which  is  likely  to  have  an  eroissivity  near  1,  is  t^en  into 
account  Conduction  through  the  supports,  however,  is  the 
most  difficult  heat  load  to  reduce,  since  long  path  lengths  are 
difficult  to  achieve  given  the  limited  radial  space  available. 
Both  rachation  and  support  conduction  are  discussed  in  the 
following  sections. 

ffl.  BLACKBODY  RADIATION  LOAD 


Radiant  heat  exchange  between  the  liner  and  bore  tube  is 


given  by. 

Q  =  oE(Th4-Tc^). 

(1) 

where. 

E  =  {(I/AlEl)  +  (l/ABXl/ee 

(2) 

The  subscripts  refer  to  the  liner  (L)  and  bore  tube  (B),  e  is  the 
emissivity  (in  this  case  both  surfaces  are  stainless  steel)  and  A 
the  surface  mea. 

In  general  the  emissivity  of  a  material  is  a  function  of 
temperature  and  surface  preparation.  The  heat  transferred  by 
ladhuion  between  a  stainless  steel  surface  at  77  K  and  one  at 
4.2  K  has  been  measured  by  Obeit  etal.  [2].  The  results  for  a 
variety  of  surface  prqiarations  are  reported  in  terms  of 
onissivities,  and  rqmxluced  in  TaUe  2. 


Table  2 

Emissivity  of  Stainless  Steel  [2] 


Surfrice  neoaration 

Emissivity  from  77  K  to  42  K 

As  found 

0.120  ±  5% 

Mechanically  polished 

0.074  ±  5% 

Electro-pdished 

0.065  ±5% 

Silver  idaled 

0.013  ±5% 

To  detmmine  the  radiation  heat  load  of  an  80  K  liner,  it  is 
netxssary  to  include  the  effect  of  holes  in  the  liner  tube  and 
cryosortier  on  the  bore  tube.  To  account  for  these  effects, 
avoage  emissivities  for  the  liner  (e^)  and  bore  tube  (eg)  are 
defined.  Each  is  taken  to  be  the  weighted  average  of  the 
apprqinriate  stainless  steel  emissivity  (Css)  and  the  hole  (e),)  or 
cryosorber  (Cc)  emissivity.  The  lin^  holes  are  assum^  to 
have  an  emissiWty  of  1,  and  the  cryosorber  an  emissivity 
between  0.8  and  1,  depending  on  the  particular  cryosorber. 

The  resulting  average  emissivity  of  each  tube  is  a  linear 
function  of  the  fraction  of  surface  coverage  (f|^  or  (f^. 

Cl  “  *  ®ss)th  +  £ss»  *^3) 


■  ®m)^c  ®**. 

While  this  is  a  rather  simplistic  model,  more  detailed 
nummical  calculations  indicate  that  it  giv^  an  accurate 
estimate  of  the  total  heat  tnunsfend  by  radiation. 

To  evalume  eq.  (1)  it  is  necessary  to  know  the  bore  tube 
and  liner  tidie  diame^,  the  surface  preparation  the  stainless 
steel,  the  numbm'  and  size  of  holes  in  the  liner  and  the  surface 
areaofcryosraber.  The  last  two  numbers  are  not  well  known. 
The  fraction  of  holes  may  vary  up  to  0.05,  while  the  fraction 
of  cryosmber  coverage  may  be  as  high  m  O.IS.  If  (f|,)  and  (f^ 
turn  out  to  be  near  the  maximum  of  their  respective  ranges, 
they  will  dominate  the  radiated  heat  leak.  Tli^  is  especially 
true  in  the  case  of  the  cryosorber. 

As  an  example,  assume  a  33  mm  lino-  with  f|,  =  0.0S, 
and  a  42  mm  bore  tube  with  f^  -  0.15.  This  arrangement  will 
radiate  0.6  W/dipole  with  as  found  stainless,  and  0.4  W/dipole 
with  electro-polished  stainless.  For  the  same  geometry,  with 
fh  =  0.03  and  =  0.10  the  heat  leaks  are  reduced  to  0.5 
W/dipole  and  0.3  W/dipole  reflectively.  This  last  number  is 
inobably  achievable,  but  is  still  50%  greater  than  the  budgeted 
amount  Still,  since  radiation  is  only  budgeted  at  20%  of  the 
total  load  to  begin  with,  this  is  considered  acceptable. 

IV.  SUPPORT  CONDUCTION  LOAD 
A  prototype  support  shown  in  Figure  2.  consists  of  four 
stainless  steel  legs,  bent  in  the  middle,  with  a  rectangular 
cross-section  of  6  mm  x  1.2  mm  thick.  To  provide  the 
necessary  rigidity,  support  legs  are  less  than  17.2  cm  long, 
have  both  ends  weld^  to  the  Uner,  and  are  ^aced  at  2  m 
intervals. 


leg 


Figure  2.  Mechanical  support 

The  resistance  to  heat  flow  of  each  leg  is  the  sum  of  the 
stainless  steel  resistance  and  the  contact  resistance  between  the 
sujqxnt  and  bore  tube.  Neglecting  contact  resistance,  the  heat 
leak  through  a  single  leg  is 

Q  =  (2A/L)JkdT  (5) 

where  A  is  the  cross  sectional  area  of  a  suiqxrrt  leg,  L  is  half 
the  leg  length  and  k  is  the  thermal  conductivity  of  stainless 
steel  Evaluation  of  the  integral  from  4  K  to  80  K  predicts  a 
heat  load  of  0.06  W  pw  leg.  If  all  four  1^  are  in  contact  with 
the  bore  tube,  this  results  in  a  heat  load  of  1.9  W  p^  dipole. 
This  is  less  than  the  baseline  synchrotron  radiation  load  but 
nearly  fow'  times  the  static  heat  load  bucket 

The  maimal  and  geometry  of  the  sigqxMt  are  more  OT  less 
fixed  by  mechanical  stability  considerations  and  radiation 
resistance,  so  that  contact  resistance  becomes  the  primary 
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dnifB  panmeiv  with  which  to  leduce  the  heat  load.  Contact 
leaistanoe  can  be  expressed  as 

Rcontact  “  f(AT,  kJ'.G),  (6) 

where  AT  is  the  temperature  diffnence  across  the  contact,  k  is 
the  mean  themud  conductivity  of  the  materials  in  contact,  F  is 
the  ibree  wtth  which  the  contacts  are  pressed  together,  and  G  is 
a  geometric  factor  related  to  surface  roughness.  In  general, 
^contact  is  not  well  known.  For  this  reason,  tests  were 
conducted  to  measure  both  the  heat  leak  of  a  prototypic 
siqtport  and  the  average  resistance  of  a  stainless-to-stainless 
contact  [3] 

The  total  heat  leak  as  a  function  of  liner  temperature  for  a 
number  of  cases  is  shown  in  Figure  3. 
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Figure  3.  Results  of  heat  leak  test  on  mechanical  sqrport 


Contact  conductance  generally  obeys  a  power  law 
dependence  on  temperature  of  the  form 

he  =  aT".  (7) 

where  a  is  a  function  of  applied  force  and  surface  roughness. 
In  addition, 

Qi  =  AeJhedT.  (8) 

with  Ae  the  nominal  contact  area.  Substituting  eq.  (7)  into 
eq.  and  int^rating  gives, 

=  I  ("+l)Qi/nAc  +  1  m 

Tbath"^^  is  much  less  than  the  leading  tom  and  can  be 
neglected,  so  that  avoage  values  of  a  and  n  can  be  extracted 
from  a  log-log  plot  of  Tegntact  v^us  Qj.  The  value  of  n 
measured  in  this  way  is  1.S  and  compares  favorably  with 
stainless  to  stainless  conductances  published  in  the  literature 
[4].  The  value  of  a  was  determined  from  the  largest  values  of 
Qj  so  the  data  coidd  be  used  to  predict  an  upper  bound  for  the 
h^  leak.  Its  measured  value  of  0.7S  is  a^.:  two  orders  of 
iragniOKle  lower  than  published  data  [4]  for  smooth  stainless- 
to-staintess  contacts  urider  similar  applied  load,  and  indicates 
the  potential  sensitivity  of  the  heat  load  to  surface  roughness. 


In  a  final  run.  each  contact  point  of  a  second  support 
was  fitted  with  a  Dehin  button.  The  buttons  wne  attached  by 
press  fitting  into  hides  drilled  at  the  points  of  contact  Only 
the  bdal  heat  leak  and  liner  temperature  were  measured,  so  that 
no  conductance  can  be  extract^  from  the  data.  The  data  ate 
included  in  Figure  3.  Although  Debin  is  an  unacceptable 
material  for  use  in  the  bore  tube,  the  (hua  give  an  indication  of 
the  ^ect  of  attaching  plastic  buttons  to  the  supports  should  an 
acceptable  materud  be  identified. 

V.  DISCUSSION 

Blackbody  radiation  and  conduction  through  the  support 
system  are  the  primary  sources  of  4  K  liner  heat  load.  In  the 
case  of  radiation,  hole  and  cryosorbn' coverages  would  have  to 
be  reihiced  to  zero  and  electro-polished  stainless  used  in  order  to 
meet  the  bu^L  However,  the  ladiaied  heat  load  is  a  relatively 
small  fraction  of  the  total  heat  load.  Thus,  it  is  concluded  that 
expeitsive  surface  treatment  of  the  liner  for  the  purpose  of 
reducing  the  radiaied  power  is  omecessaty. 

The  heat  load  due  to  conduction  through  the  supports  is 
a  strong  function  of  the  force  an>iied  at  die  contact.  The 
applied  contact  force  in  the  CoIUte  will  be  determined  by 
three  factors:  preloading  by  compression  of  the  supports  m  the 
time  of  insertion  in  the  bore  tube,  fmdier  loading  or  unloading 
of  support  lep  doe  to  differential  contraction  during  cooling, 
and  conqxession  of  the  lower  legs  and  unloading  of  the  iqiper 
lep  due  to  the  weight  of  the  liner.  A  shnide  model  of  the 
differential  contnetioa  predicts  a  net  reduction  in  the  applied 
contact  force  rrfter  cooling  to  4  K.  and  no  preloading  is 
required.  Thus,  only  the  lower  two  support  lep  will  be  in 
contact  with  the  bore  tiibe  when  Ae  CcriUder  is  in  toleration. 
Undm*  these  circumstances,  the  support  heat  leak  will  only  be 
0.7Wperdqx>le. 

Finally,  it  appears  that  the  contact  resistance  can  also  be 
increased  by  the  addition  of  insulating  buttons,  though  more 
work  is  required  to  identity  an  accqNable  material  and  confirm 
that  such  is  the  case. 
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AbltfVtf 

Large  vactnm  vessels  are  oqdoyed  downstream  of  fixed 
tugets  in  Hi^  Energy  Physics  experiments  to  provide  a  long 
padi  fi>r  partkies  to  traverse  widioiit  iideracting  widi  air 
molecuks.  These  veipeU  generally  have  a  large  qierture 
opening  known  as  a  ”vaciiam  wfaidow'  which  eaq>loys  a  thin 
membrane  to  preserve  fire  vacuum  environmeot  yet  allows  die 
particles  to  pass  throngh  with  a  nunimal  efl^  on  them. 
Several  large  windows  have  been  built  using  a  composite  of 
Kevlmr/Mylar  including  circular  windows  to  a  dismetw  of 
96.5  cm  and  rectangular  windows  op  to  193  cm  x  86  cm. 
This  pqper  describes  die  design,  fidnkation,  testing  wd 
operating  expetieiice  widi  dieae  windows  snd  relates  the  actual 
perfimnanoe  to  dworetical  predictioos. 

I.  INTRODUCTION 

Stmie  eaqierimental  beam  lines  st  Brookhaven  National 
Laboratory  retptire  large  qMrture,  low  mass  vacuum  windows 
to  nunimire  beam  loss  s^  reduce  background  radiation  in 
close  proximity  to  beam  detectors.  These  vacuum  windows 
are  essentially  a  wall  or  membrane  sqiarating  a  vacuum  qiace 
from  atmosphere  through  which  the  beam  passes,  and  they 
exhibit  a  vacuum  int^ty  udiich  allows  them  to  be  used  in 
vacuum  systems  with  a  pressure  of  ICT*  Torr.  The  material 
used  for  the  windows  most  be  thin  and  light  enough  so  as  to 
have  die  minimum  effect  on  the  beam,  and,  at  the  mine  time, 
be  duck  and  strong  enough  to  operate  reliably  and  safely.  In 
the  post,  small  qierture  windows  used  Mylar  as  the  window 
matnud.  Mylar  has  a  reasonably  high  tensile  strengdi,  good 
vacuum  jm^ietties,  and  its  density  is  acoqitable  for  die 
diicknesses  re^iired  in  small  qierture  windows.  Astheqmr- 
tures  get  larger,  die  diickness  of  the  window  material  must 
increase,  so  Mylar  becomes  less  attractive.  In  addititm. 
Mylar  is  not  aimilable  in  diicknesses  greater  than  0.36  mm; 
dimfore,  if  used  in  large  aperture  windows,  multiple  layers 
would  be  required. 

To  create  a  window  with  a  mass  lower  than  Mylar, 
designs  have  emerged  s^udi  use  a  conqmsite  of  a  thin  ^eet 
of  Mylar  and  a  rrinfrncing  frdiric.  Rdnforcing  frdmcs  are 
avaih^  widi  tensile  strengths  an  ordw  of  magnitude  greater 
than  Mylar;  therefore,  smaller  thicknesses  are  required  for  a 
given  qiertnre.  However,  Mylar  in  diin  die^  is  still  used 
since  die  fiibrics  cannot  adiieve  any  sort  of  a  vacuum  seal. 
Various  ranfincing  fabrics  have  been  tried  including  carbmi 
(grq3lute)[l],  polyester  fiber  (l>acron)[2][3].  and  aramid 
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fiber  (Kevlar)[3][4],  and,  after  reviewing  die  results,  it  was 
judged  feat  Kevlar  was  die  best  candidate  to  develop  fw 
designs  at  Brodthaven  National  Labmatory  (BNL).  Typkal 
window  materials  are  shown  in  TaUe  I.  To  date,  four  large 
apmture  windows  have  been  constructed  and  tested  at  BNL 
incitiding  two  circular  windows  of  91.4  cm  and  96.5  cm 
diameter  and  two  rectangular  windows  measuring  61  cm  x 
122  cm  and  86  cm  x  193  cm. 

n.  DESIGN  AND  FABRICATION 

Current  window  designs  used  at  BNL  generally  follow  die 
technique  first  introduced  by  Fmmi  National  Accelerator 
Lsb.[4]  The  window  conqxisite  is  a  combination  of  Kevlar  29 
and  Mylar  type  A  sized  i^pnqiriately  for  the  qiecific  window 
aperture.  Ctonqxinents  of  a  typical  wintfow  assembly  are 
shown  in  Fig.  1. 

In  assembling  the  window,  a  Vitoa  0-ring  is  inserted  into 
the  vacuum  window  flange.  Next  an  s«niil«f  dieet  of  Mylar 
(Mylar  ring)  is  used  whose  inner  and  outer  dimeosioos  are  the 
same  as  the  window  clanqi  flange.  Over  the  Mylar  ring  goes 
a  full  sheet  of  Kevlar  and  a  full  sheet  of  Mylar.  Next  comes 
the  window  clanqiing  flange  which  also  has  an  0-ring  groove. 
In  this  groove  is  an  O-ring  of  1 100>T0  aluminum.  This  alu¬ 
minum  0-ring  aids  in  clanqung  the  conqiosite  window  mate¬ 
rials  since  earlier  windows  experienced  premature  fiulure  due 
to  pullout  from  fee  flange.  When  assmnbling  the  window,  the 
area  cqiposite  fee  Viton  O-ring  is  marked  on  bofe  the  Kevlar 
and  Mylar  pieces.  The  Mylar  is  roughened  wife  sand  paper 
(Ml  the  surfiwe  fiating  the  Kevlar  and  the  Kevlar  is  painted 
wife  a  bead  of  epoxy  in  the  same  area.  Care  must  be  taken 
so  that  tiie  qmxy  doesn't  spread  qqireciably  in  tiw  plane  of 
the  window.  The  window  assembly  is  then  bolted  togefeer 
and  properly  torqued.  When  tiie  epoxy  cures,  a  vacuum  tight 
seal  is  formed  which  pnfeibits  edge  leaking  of  the  conqiosite 
material.  The  epoxy  mix  used  is  formulated  to  be  flexiUe 
and  to  soak  well  into  the  Kevlm  providing  a  vacuum  seal  wife 
no  problmDs.[S]  The  final  sizes  of  die  materials  used  in  die 
windoivs  at  BNL  are  as  folloivs: 


Kevlar 

Mylar 

Conqiosite 

Aperture 

ThicHffiys? 

Thickness 

Mass 

<h91.4cm 

0.43mm 

O.lSmm 

O.OSg/cin^ 

^96.5cm 

D.43mm 

O.lSmm 

0.05g/cm? 

122x61cm 

0.30mm 

O.OSmm 

0.03g/cm^ 

193x86cm 

0.43mm 

O.OSmm 

0.04g/cn^ 

The  circular  windows  represmit  die  earliest  use  of  diis  type  of 
window  at  BNL  and  thus  the  thicknesses  and  conqiosite  mass 
reflect  a  very  conservative  design.  The  material  thicknesses 
for  the  4|i91.4  window  were  determined  by  testing  and,  since 
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t  liffB  aaou^  nfoty  mar^  was  present,  tlwse  ducknesaee 
were  judged  adequate  ft>r  ^96.5  window  as  well.  Confidence 
gataod  with  die  use  of  the  circular  windows  allowed  the 
rectangular  windows  to  be  designed  with  a  lower  composite 
nonas.  As  a  congMurison,  if  die  122  x  61  cm  window  was 
made  oi^  of  Mylar,  its  thidmess  would  be  1.4  mm  and  its 
mass  would  he  0.19  g/em^:  dierefore,  the  composite  window 
has  a  mass  only  13%  a  pure  Mylar  window. 

n.  SAFETY  CONSIDERATIONS 

Safety  reguladons  require  duU  a  vacuum  window  shall  be 
cycled  dutee  times  at  30%  ovm  (^mating  pressure  to  demon¬ 
strate  its  integrity  in  going  finom  load  to  no  load  conditions; 
however,  since  die  bduvior  of  Kevlar  fidvic  does  not  follow 
dieoretical  predictions,  a  cycling  pressure  of  100%  over 
operating  pressure  is  used.  These  vacuum  windows  are 
typically  used  on  large  vacuum  vessels,  and  considerable 
slmck  wave  would  mult  in  the  event  of  a  total  window 
fiuhire.  When  Mylar  is  used  alone  as  a  window  matmial, 
expoience  has  shown  that  lulure  of  the  Mylar  is  similar  to  a 
bdloon  brealan  j  and  the  resulting  shock  wave  a  sizeable 
threat  to  life  and  property.  All  conqxisite  window  designs 
used  at  BNL  are  hydrostatically  tested  to  fiulure  to  indicate 
the  margin  of  safety  present  ri  one  atmoqdiere  operation; 
howevM-,  it  was  felt  th^  a  hydrostatic  might  not  correctly 
modd  a  catastrophic  fiulure  so  a  fiiM  scale  test  was  conducted. 
The  ^1.4  cm  window  assembly  was  attached  to  a  vacuum 
vessel  with  an  internal  volume  of  over  3100  liters  and  the  ves¬ 
sel  punqped  down  to  10*^  Torr.  A  wei^ted  pendulum  with  a 
duup  point  was  positioned  in  front  of  the  window  and  swung 
in  puncturing  the  window  in  the  cantor.  While  the  Mylar  qilit 
across  the  fiill  ^lerture,  the  Kevlar  only  suffered  a  hole  the 
size  of  the  puncturing  elonents  and  the  tank  bled  up  to 
atmoqidiere  in  a  slow,  gentle  feshitm. 

m.  TESTING 

All  window  designs  have  been  hydrostatically  tested  to 
fiulure  in  addition  to  the  cycle  test  dmcribed  in  the  previous 
section  using  a  test  fixture.  The  window  assembly  was  bolted 
to  the  fixture  as  shown  in  Fig.  2  so  that  udien  pressurized 
with  water,  the  window  is  stressed  in  the  same  direction  as  it 
is  in  experimental  use.  A  pressure  gauge  was  used  to  monitor 
fee  pressure  iqiplied  to  fee  window,  and  a  dial  indicator  was 
placed  in  the  center  of  fee  window  to  record  fee  deflection  of 
fee  window  as  jnessure  was  applied  to  it. 

Tests  were  conducted  for  various  combiiutions  of  Kevlar 
and  Mylar  on  the  <^1.4  cm  circular  and  both  rectangular 
windows.  The  results  are  summarized  in  Table  II.  All  fee 
tests  were  carried  out  using  a  Kevlar  29  fiferic  excq>t  fee  CMie 
udiere  fee  Kevlar  thickness  is  0.23  mm.  This  thickness  was 
Kevlar  49  since  it  was  not  available  in  Kevlar  29.  Kevlar  29 
is  preferred  met  Kevlar  49  since  it  has  a  lower  elastic 
modulus  vrfiile  having  the  same  tenale  strength.  Thisismore 
desirable  in  window  applications  udiere  fee  greater  deflecticm 


aids  in  lowming  fee  slippage  w  poll  out  finces.  The  test 
windows  using  Keylar  29  had  no  dicnt  tenn  seepage.  Long 
term  creqiage  needs  mne  study. 

Wint^  fiulure  in  bofe  fee  circular  nd  rectangular  win¬ 
dows  was  of  fee  classic  thin  monbrane  feihire  type,  wife  fee 
windows  rupturing  along  their  edges. 

IV.  THEORETICAL  PREDICTIONS 

Classical  equatkms  used  in  .predicting  window  per¬ 
formance  are  given  by  Timeoaheoko[6]  as: 

S  •ZIE  (1) 


(2) 

a 

vidiere  w  »  window  deflection  S  »  stress 

p  =  pressure  E  »  Young's  modulus 

t  -  window  thickness 

a  circular  diamrtfr  or  diMt  side  of  rectangle 
Z  geometric  constant  =  0.27  for  circular 

0.34  fiw  rectangular 

K  =  geometric  cmistant  =  0.26  for  circular 

0.36  for  rectangular 

Using  these  equations  has  shown  that  they  do  not  predict 
actual  performance  very  closely,  and  testing  is  required  to 
safely  size  and  optimize  fee  window  materials.  For  example, 
locddng  at  fee  Kwlar  alone,  catalog  values  of  initial  matorial 
prr^ierties  give  window  deflection  calculations  that  are  lower 
than  observed  vriiile  measured  values  of  matmial  properties 
give  calculations  higher  than  observed.  Sevmal  fectors  may 
crmtribute  to  the  analytical  and  material  property  uncertainties 
and  it  is  bdieved  that  most  of  feem  are  due  to  fee  woven 
nature  of  fee  Kevlar.[S] 

The  above  analytical  expressions  have  been  used  wife 
some  success,  however.  If  Eq.  (2)  is  used  to  conqHite  an 
"iqqMrent  pressure”  using  the  deflection  at  fiulure  and  fee 
prcqioties  for  Mylar,  that  value  can  be  used  in  Eq.  (1)  to 
conqiute  an  *q>parent  stress*  on  fee  Mylar  at  fiiilure,  again 
using  Mylar  properties.  This  q^Nuent  stress  at  fiulure  com¬ 
pares  reastmably  well  to  fee  tensile  stroigfe  of  fee  Mylar; 
therefore  it  is  felt  that  at  actual  opoating  deflections,  fee 
stress  level  in  fee  Mylar  can  be  conqmted,  and  an  (^lerating 
factor  of  safety  can  be  determined. 

V.  OPERATING  EXPERIENCE 

Both  circular  windows  have  been  installed  in  experimental 
beam  lines.  The  ^  9.41cm  window  was  used  in  an  rntpoi- 
ment  wL*  'h  ran  about  six  mcmfes.  The  vacuum  was  main¬ 
tained  a»  less  than  10'^  Torr  and,  although  fee  wiialow  was 
cycled  about  fives  times,  no  problems  were  encountered.  The 
^  96.Scm  window  ran  for  four  six  month  poiods.  Initial 
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fWoMan  «w»  wwownlwd  dAmd  Iks  window  wss  ^kd 
iinm,  sHnr  s  ftaw  qpdat,  As  window  dawsloped  slow  Isikt. 
Tks  Mes  ifpssr  Is  Jwvs  bsn  osnssd  by  n  older  epoxy 
Ihe—irtnn  whkk  wee  not  se  flsxibls  ae  the  one  cumntly 
SMd.  StoosAs  fcnndatiaa  bos  been  shsnfed,  the  window 
bssnnwiAoatiMobleiasat'vinnmilewelsof  lO^Torr.  Tbs 
isrUninler  windowe  ere  s  new  design  end  operelim  eagper- 
ienos  is  not  yst  ewaileible. 

A  sammofy.  As  design  As  Kevisr/Mylar  coopoeite 
windowe  hnebmAtAsr  developed  at  BNL  Tbesewindowe 
have  been  siAotivdy  need  as  a  low  aMss  altemative  to  Mylar 
alone  and  have  been  shown  to  be  boA  saA  and  rdiable. 
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TABLE  1  -  Typcal  V^rrdow  Materials 


Material 

Tensile 

StrengA 

MPa 

Modulus* 

MPa 

Density 

g/cm^ 

Kevlar  29 

2.760 

62,000 

(8.200) 

1.44 

(0.736)** 

Kevlar  49 

2,760 

117,000 

(18,000) 

1.44 

(0.736) 

Damen 

1,120 

13,800 

1.38 

Standees 
Steel  304 

580  -  1.276 

200.000 

7.83 

Ahunmum 
6061  T6 

310 

69,000 

2.70 

Mylar 

172 

3,450 

(5000) 

1.40 

<833?  imESnEowDraSSSimaSSeT^mlSS^araltEensf 

^''Density  given  is  for  individual  strands  and  values 


in  psrenAesie  are  qiparent  density  for  woven  material. 


ngure  1  TYPICAL  WINDOW  ASSEMBLY 


Hgure  2  HYDROSTATIC  TEST  SETUP 


TABLE  n 


Test 

No 

Window  Si» 

Tbidmess, 

Kevlar/Mylar 

Pressure  at 
Failure 

1 

91.4  ciicnlar 

0.58/0. 13nmi 

4.1  atm 

2 

• 

0.43/0.13 

4.1 

3 

m 

0.30/0.13 

2.0 

4 

122x61  rect. 

0.38/0.13 

3.2 

5 

« 

0.30/0.13 

2.5 

6 

• 

0.30/0.05 

2.3 

7 

« 

0.25/0.13* 

1.5 

8 

a 

0.30/0.05 

** 

9 

193x86  rect. 

0.43/0.13 

2.7 

10 

a 

0.43/0.05 

2.5 

11 

a 

0.30/0.0S 

1.4 

*  Kevlar  49  used  this  test  ordy;  all  others  Kevlar  29. 
**  Not  taken  to  fiulure,  dong  term  cycle  test. 
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Observation  and  Analysis  for  Motions  of  Trapped  Microparticles 
in  the  TRISTAN  Accumulation  Ring 

Hiroshi  Sadd*.  Takashi  Momose**,  and  H^ime  Ishunsru 
Naiknal  Laboratory  for  High  Energy  Physics 
I’-l  Oho.  Tsukuba-^,  Ibarald-ken,  305,  Jsfian 


Abstract 

Signals  of  high-eneigy  bremsstrahlung  in  the  TRISTAN 
accomulation  ring  was  (^served  with  l^-glass  counters, 
accompanied  by  a  sudden  decrease  in  the  elecnon  beam  lifetime 
which  occuned  due  to  miciqparticle  trapping  in  the  electmi 
beam.  The  observation  showed  a  trqtped  microparticle  made  a 
perioAc  oscillation;  the  pmod  was  Is.  The  observation 
coincides  with  the  result  ba^  on  our  newly  develtqted  theory 
fmr  vertical  oscillation  of  a  trapped  microparticle. 
Furthermore,  the  calculated  variation  in  t^  beam  lifetime  also 
coincides  with  the  actual  variation  in  the  beam  lifetime. 

I.  INTRODUCTION 

Obsmvations  of  micnqnrticle  irq^ing  phenomena  in  the 
TRISTAN  accumulation  ring  with  le^-glass  counters  have 
been  carried  out  previously.  It  was  found  that  microparticles 
in  the  beam  cluunber  were  actually  oapped  in  the  electmi 
beam.[l-2]  From  signals  of  bremsstrahlung  detected  during 
microparticle  trapping,  the  results  of  our  theory  developed 
giving  the  motion  of  a  trapped  micrc^article  and  results  of 
observations  trapped  microparticle  motions  with  a  wire 
simulating  the  electron  beam,  we  expect  that  a  trapped 
microparticle  makes  a  poiodic  oscillation  around  the  electron 
beam,  as  shown  in  References  [2]  and  [3]. 

But  it  is  difficult  to  find  precisely  the  motion  of  a  trapped 
microparticle  using  the  complicated  theory  based  (hi  many 
assumptitms.  Thm’efore,  we  carried  (Hit  simple  theoretical 
analysis  for  a  trapped  microparticle  motion,  using  our  newly 
devdtqied  theory  based  (HI  a  verticai  oscillation  only.  We  also 
compa^  results  of  the  observation  and  the  analysis. 

n.  OBSERVATION  OF  TRAPPED 
MICROPARTICLE  MOTIONS  IN  THE 
TRISTAN  ACCUMULATION  RING 

Motions  of  tr^iped  microparticles  in  the  ring  were 
observed  widi  lead-gl^  ctMinters,  as  shown  in  Reference  [2]. 
If  microparticles  are  tnqiped  in  die  electron  beam,  signals  of 
high-eimgy  bremsstrahlung  can  be  detected  at  the  interacting 
locati(Hi  with  intensity  much  greater  than  that  of  residual 
gases. 


A .  Measuring  Instruments  to  Observe  Motions  of  Trapped 
Microparticles 

Four  lead-glass  counters  were  used  to  observe 
bremsstrahlung.  High-energy  iH’emsstrahlung  generated  at 
each  source  area  ctHiesponding  to  three  bending  magnets  is 


*  Japan  Synchrotron  Radiation  Research  Institute,  Minato- 
mdEamachi  6-9-1,  Chuou-ku,  Kobe-shi,  650,  Japan 
**  Miyagi  National  College  of  Technology,  Miyagi,  Natori- 
shi,  981-12,  Japan 


detected  with  each  of  the  three  lead-glass  counters.  Theodier 
one  is  set  at  a  8tru|^  chamber. 

The  bremsstrahlung  u  detected  with  the  lead-glass  counter 
set  behind  platesmade  of  lead  (thidmess  10  mm).  Each  lead- 
glass  counter  is  constnxHed  with  a  lead-glass  bl^  (360  mm 
X  120  mm  x  100  mm)  and  a  photomultiplier.  The  I^-giass 
counters  are  shielded  with  lead  Modes  (diickness  100  mm) 
except  for  the  detecting  slit  The  amplified  signals  firom  the 
lead-glass  counters  are  transmitted  to  a  digital  storage 
oscilIosc(^  synchronized  with  bunch  signals  firom  a  single 
bunch  electr(Hi  beam  as  it  passes  a  positi(xi  monittv. 

B.  Observations  cf  High-energy  BransstraMung 

Accompanying  a  Sudden  Decrease  in  the  Beam  L^etbne 

If  a  tnqiped  microparticle  makes  a  periodic  oscillation,  it 
is  expected  that  signals  of  high-energy  bremsstrahlung 
c(HTesp(Hi(ling  to  the  motions  of  the  tnq;iped  microparticle 
(XMikl  be  observed 

Figure  1  shows  signals  finnn  the  lead-glass  ctxuitBr  at  the 
straight  chamber  during  microparticle  trapping.  The  initial 
injected  beam  current  of  the  single-bunch  electron  bemn  was 
30  mA  and  the  beam  energy  was  6.5  GeV.  The  beam  current 
suddenly  decreased  at  25  mA.  The  beam  lifetime  also 
decreased  finnn  125  min  to  72  min  and  did  not  recover.  At  the 
beam  current  of  21  mA,  signals  of  high-energy 
bremsstrahlung  synchronized  with  tte  bunch  signals  fiom  the 
electron  beam  and  signal  of  0.15  ms  duration  were  also 
observed  with  the  other  counters.  From  results  of  test  of  lead- 
glass  counters  using  a  internal  target,  it  was  found  that  the 
volta^  of  signals  detected  with  the  lead-glass  (xxinters  was  15- 
17  times  higher  than  that  of  an  electiXHi  with  6  J  GeV.  Such 
signals  can  be  detected  very  little,  during  a  sudden  decrease  in 
the  beam  lifetime. 


Fig.  1  Signals  of  high-energy  bremsstrahlung  caused  by 
a  micK^iarticle  oscill^g  around  the  electron 
beam  ofoit,  at  the  beam  current  of  20  mA. 

The  horizontal  time  scale  is  1  s/divisi(Hi. 
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III.  THEORETICAL  ANALYSIS  OF  MOTIONS 
OF  A  TRAPPED  MICROPARTICLE 


Assuming  that  a  mim^MrticIe  to  be  trapped  is  just  uiuier 
the  electron  beam  as  shown  in  Fig^  2,  it  is  expected  that  the 
tnqiped  microparticle  makes  a  vertical  oscillation  only,  in  both 
a  mapietic  fidd  and  no  magnetic  field.  In  Figure  2.  Z  is  the 
vertical  direction  and  Zo  is  the  distance  from  the  bottom  of  the 
beam  chamber  to  the  center  of  the  electron  beam. 

Considering  the  continuous  vertical  oscillation  as  shown 
Hgure  2  and  the  basic  equation  in  Reference  [4],  the  average 
vertical  acceleration  2,  where  Z  is  the  distance  between  the 
micrq»rticle  and  the  bottom  of  the  chamber  wall,  is  given  by 


2  » 


QEjJLL 

m  t2 


-g 


(1) 


Here  Q  is  the  charge  deposited  on  the  microparticle  through 
the  photoelectric  eHect,  Ez  the  electric  field  in  the  vertical 
direction,  m  the  mass  of  the  microparticle.  ti  the  time  interval 
while  the  electrcm  bunch  is  over  the  microparticle,  t2  the 
revolution  time  of  the  electron  bunch  and  g  the  acceleration 
due  to  gravity. 


Z 


Fig.  2  A  model  for  vertical  oscillsaion 
of  a  tnqiped  microparticle. 


Assuming  that  the  electrons  in  the  bunch  are  formed  into 
Gaussian  distribution,  the  electric  field  EzO  at  the  vertical 
distance  Z  is  given  by 


(Zn-Z)^ 

Zq  Ez[1  -  e  21^  ] 


EzO  = 


Zo-Z 


+  EzC  21^2 


(2) 


where  Ez  is  the  electric  field  at  Z  =  0  and  Li,  is  the  bunch 
length.  Substituting  Equation  (2)  into  Ez  in  Equation  (1),  the 
vertical  acceleration  at  Z  is  given  by 


2  =  QEz  ti 


1  -  e 


m  t2 


[Zo 


Zo 


-?a! 

+  6242]  -g 


(3) 


Therefore,  the  solution  of  Equttioa  (3)  shows  the  vertical 
motion  of  the  trqqped  micropaiiicle. 

Figure  3  shows  a  result  of  approximation  for  the  vertical 
oscillation  of  the  trapped  mkropi^le  corresponding  to  time 
duration,  when  QEzAn  is  1.85  x  10^  Newton/kg  of  the 
trapping  condition  in  the  TRISTAN  accumulation  ring  shown 
in  Reference  [1],  ti  =  6.67  x  10*^^  s,  t2  *  1.26  x  1^  s,  Zo 
=  0.024  m.  Lb  =  0.02  m  and  the  initial  vertical  velocity  of  the 
microparticle  at  the  initial  position  is  set  to  be  O.OOOOS  m/s. 
As  shown  in  Figure  3.  the  time  interval  at  the  vertical 
oscillation  is  about  0.7  s.  Considering  that  the  calculated 
vertical  velocity  at  the  electron  orbit  is  about  1.1  m/s.  die 
transit  time  of  the  microparticle  passed  through  the  electron 
beam  is  calculated  as  about  1.3  ms. 


z 


oscillation  of  the  trapped  microparticle. 
The  horizontal  time  scale  is  1  ^division. 


rv.  DISCUSSION 

If  a  tr^ped  microparticle  makes  a  vertical  oscillation  as 
shown  in  Section  III,  it  can  be  said  that  Figure  1  shows  that 
the  microparticle  made  the  vertical  oscillation  and  that  the 
time  interval  is  1  s.  It  can  be  also  said  that  signal  of  O.IS  ms 
duration  shows  the  interaction  time  per  pass  of  the 
microparticle.  It  can  be  seen  that  the  observation  coinside 
with  the  calculated  result  based  on  our  newly  devekqied  diemy, 
in  spite  of  the  simplified  electric  Held  and  simplified  motion 
of  the  napped  microparticle. 

When  the  energy  loss  caused  by  a  trapped  micriqiatticle 
becomes  more  than  0.1  %  of  the  energy  of  an  accelerated 
electron,  it  is  assumed  that  the  elecdon  is  lost  Generally,  the 
beam  lifetime  x  is  given  by 

-i_  _  Np  q  f  At  . . 

T  47t  Ox  ®y  ’  '  ^ 

where  Np  is  the  total  numbo'  of  atom  in  the  micropartkle,  s 
the  total  cross-section,  f  the  revolution  frequency.  At  the 
transit  time  in  a  second.  Ox  the  width  of  the  election  beam  and 
Oy  the  bunch  length.  Setting  the  diameter  of  the  tnqiped 
microparticle  made  of  A1  is  to  be  0.1  mm,  as  shown  in 
Reference  [1],  the  calculated  beam  lifetime  is  72  min.  When 
the  micrqiarticle  is  made  of  Ti,  the  lifetime  is  calculated  as  61 
min.  Compared  results  of  the  observation  and  the  thecwetical 
analysis  show  that  our  theory  for  motions  of  a  trapped 
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Ib  niir  fiatan,  iImm  itaeaiiQiial  ptBciae  analysis  for 
aa^tooa  of  a  spppod  tti»o|«nicle  will  be  earned  out 
FBrthealiipt#,  peeciM  observatkns  in  the  TRISTAN 
accgmalMiw  r^  wffl  be  carried  oat  using  an  automatic 
obiervaikm  system  wiSbIead'glass  comders. 
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Abstract 

The  imper  reports  the  efforts  that  develc^  a 
viable  design  for  an  SSC  80K  Synchrotron 
Radiation  limr  System.  The  liner  is  one  method 
undbr  consideration  to  minimize  the  presence  of 
photodesorbed  gases  in  the  particle  beam  line 
vacuum  in  Older  to  assure  an  acceptaUe,  operational 
availability  of  the  SSC  Collider.  Also  the  80K  liner 
is  aiming  at  improving  the  Collider  cryogenic 
thermal  efficiency  which  would  allow  a  potential 
luminosity  upgrade.  The  trade  studies,  en^eering 
wudyses,  conci^  evaluation  and  detailed  design  are 
introduo^  This  paper  also  briefly  discusses  the 
roeliminary  consideration  of  lower  temperature 
liners. 


I.  INTRODUCTION 

The  Superconducting  Super  Collider  (SSd.) 
is  the  first  proum  superconducting  accelerator 
deigned  to  (^lerate  at  20  TeV  (each  beam)  and 
beam  cmrent  of  72  mA  in  which  synchrotron 
ratfiatkm  is  a  significant  design  factor.  Die  Collidw* 
wQl  fnoduce  a  synchrotron  power  of  0.14  WAn  and 
18  kW  total  at  4.2  K.  This  synchrotron  light  will 
produce  ctmsiderable  photodesorbed  gases  in  the 
beam  vacuum.  The  photodesorbed  gases  may 
grmtty  reduce  die  b^un  lifetime  and  scattered  beam 
power  may  lead  to  quenching  of  superconducting 
magnets.  The  Collider  availability  may  be 
unacceptable  widiout  properly  addressing  this 
ctmcem.  A  liner  is  one  method  under  consideraticm 
to  minimize  dm  presence  of  photodesorbed  gases. 
An  80  K  liner  also  replaces  die  4  K  dynamic  heat 
load  of  die  synchrotrem  radiation  with  a  static  heat 
load,  independent  of  the  beam  intensity,  and 
transfers  the  intercepted  heat  to  the  liquid  nitrogen 
SMon  diat  may  improve  Ccdlider  oy^enic  thwmal 
^ciency.  It  would  allow  a  potential  luminosity 
upgrade. 

Operated  tty  the  URA,  Inc.,  for  the  U.  S. 
DnatmemofEoeny  under  Contract  Na 
1^AC35^89ER404K. 


The  Uner  operational  temperature  was  recpiired 
to  be  80  K  based  on  photodeswpticm  data  available 
fimn  the  CDG  and  SCDG  ipeamrements  [1].  Those 
data  showed  that  liners  at  lower  temperatures  20  K 
or  4.2  K  had  either  unacceptable  impedance 
margins  or  excessively  Icmg  conditioning  poriods. 
However,  in  January  of  1993  new  photod(»orption 
data  also  indicated  the  viability  <x  4  K  and  20  K 
systems  [1]. 

The  Collider  Liner  System  Desi^  addresses 
photodesoiption,  ptnticle  beam  stability^  magnetic 
held  quality,  team  induced  wake  fields,  RF 
impedance,  cryogenics,  magnet  qiienching 
(especially  quenches  induced  Lmtetz  piessure), 
and  many  other  interdisciplinary  technical 
problems. 

n.  ASST  UNER  TUBES  OONnOURATION 

As  shown  in  Figure  1,  an  80  K  liner  tube 
consists  of  a  perftxated  tube  located  coaxially 
inside  the  4.2  K  magnet  bore  tube.  The  ASST 
Dipole  Magnet  (CDM)  liner  temperature  is 
maintained  at  80  K  by  high  pressure  GHe  loops  of 
0.25  g^s,  as  (A).  The  GHe  flow  is  recooled  by  LN2 
in  the  cooling  pipe  of  a  magnet  ^ostat  A  special 
end  conducting  cooling  structure  is  designed  to  cod 
the  ASST  C^uadrupole  Magnet  liner  as  Hgure  1 .  (B) 


Hgure  1.  The  CDM  and  CQM  liner  tubes. 
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Hgure  2.  A  CDM  liner  assembly  in  a  Q>M  magnet 


since  the  (CQM)  beam  tube  ID  (32.3  mm)  is  much 
smaller  than  an  ASST  dipcrfe  ID  (42.3  mm).  Low 
heat  leak  supports  hold  the  liner  in  the  center  of  the 
beam  tube.  A  thin  layer  of  ciyosorber  (0.5  mm)  on 
the  inner  surface  of  the  4.2  K  beam  tube  pumps  the 
photodesorbed  gases  through  the  holes  on  the  liner 
tube  (1300  holesAn,  Ds2  mm  for  CDM  liner,  2400 
hodes/  m,  D=1.S  mm  for  CQM  liner).  The  CQM 
liner  tube  is  made  of  1  mm  thickness  copper,  ’ne 
CDM  liner  is  1.25  mm  bimetallic  tube  of  an  inner 
0.5  mm  copper  and  outer  0.75  nun  stainless  steel. 

in.  ASST  LINER  STllUCTURE 

A  liner  system  prototype  has  been  developed 
for  testing  at  the  Accelerator  System  String  Test 
(ASST)  fixity  since  the  half  cell  (five  dipoles,  one 
quadrupole  and  one  spool  piece  with  a  beam 
position  monitor)  is  an  existing  basic  unit  of  the 
Collider. 

An  extensive  trade  study  has  been  performed  to 
develop  a  retrofit  80  K  liner  structure  and  flow 
return  cooling  loq>.  Figure  2.  If  an  80  K  liner  is 
chosen  ftM*  collider  upgrade,  the  structure  will  help 
its  insertion  into  magnets  to  be  retrofitted  in  the 
tunnel.  Figure  3  shows  that  a  CQM  liner  is 


refrigerated  through  thermal  conduction  by  80  K 
GHe  in  a  compact  heat  exchanger  at  the  end  of  the 
liner  tube  outside  the  CQD  cold  mass.  The 
maximum  temperature  increase  AT  could  be  less 
than  5  K  for  a  Spool  Piece  liner,  and  10  K  for  a 
CQM.  The  total  heat  load  from  a  liner  system  in  a 
half  cell  to  4K  is  5  -  6  W  that  is  much  smaller  than  a 
Collider  baseline  design. 

The  RF  joint  and  a  good  thermal  contact  joint 
assure  the  continuity  of  the  image  current  and  aid 
assembly  and  maintenance.  The  magnet 
interconnect  with  these  joints,  and  a  compact  heat 
exchanger  are  included  in  a  erogenic  box.  The 
cryogenic  box  also  allows  each  liner  to  have  up  to  a 
54-mm  thermal  contraction  during  cooldown  and 
warmup,  as  Figure  4.  However,  the  liner  is 
discontinuous  when  routed  through  the  Beam 
Position  Monitor  (BPM).  Two  options  of  BPM 
designs  have  been  carried  out.  One  is  an  80K  BPM 
which  is  easy  to  connect  with  an  80K  liner,  but  not 
to  a  Spool  Piece.  Another  cation  is  a  4K  BPM, 
which  IS  e^  to  connect  to  the  Spool  Piece,  but  not 
easy  to  a  liner.  Figure  5  shows  a  4-  KBPM. 

rV.  ANALYSES  AND  TRADE  STUDY 


A  uniform  and  maximum  possible  liner  inner 
diameter  (ID)  is  needed  due  to;  (1)  particle  beam 
commissieming,  (2)  particle  beam  dynamic  stability, 
and  (3)  safety  margin.  However,  the  maximum 
liner  ID  is  constraint  by:  (1)  the  available  magnet 
beam  tube  inner  diameter  (ID),  and  (2)  the 
minimum  liner  radial  space.  Using  cooling,  the 
minimum  liner  radial  space  is  6  mm  and  using  end 
conducting  cooling,  the  radial  ^ace  needs  to  1 3.5 
mm.  Tables  1  and  2  show  the  maximum  liner  ID 
and  the  liner  impedances  in  various  options, 
ieq)ectively. 


Hguie  3.  The  end  structure  of  a  CQM  liner. 
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Ttble  L  Possilde  maximum  liner  ID  in  various  cases. 


Ofefiwi 

MMIIM  ; 

uwTm; 

nm 

QmS 

BamalbalO, 

nm 

LnerD. 

Spool 

Beem^ia 

mm 

Keoe 

UnerlD. 

Assr 

42.3 

25.3 

52.3 

2S.3 

32.3 

2S.3 

OIX14W 

33.3 

20.2 

32.3 

20.2 

32.3 

20.2 

DwM 

42.3 

31 

42.3 

31 

42.3 

31 

Table  2.  Comparison  of  impedances. 

c«« 

UnarlD* 

mm 

Hol«/Slou 

Cov«r>s« 

Z  (liner) 

M  ohm/m 

Z  (other) 

M  ohn/in 

Z(loul) 

M  ohm/lm 

Sefew 

-■yi?-  - 

Beeeline 

40 

40 

6.7 

Widi  liner 

23.3 

2mm,  2% 

22 

112 

133 

2 

With  liner 

23.3 

2  mm.  4% 

44 

112 

136 

1.7 

With  liner 

23.3 

2x6.2% 

8 

112 

120 

2.2 

Withlinar 

33 

2  mm,  4% 

13 

40 

33 

4.9 

I 


..  Besides,  the  liner  tube  design  also  must  meet  the  fdlowing  requirements: 


1 .  Inner  wall  conductivity  and  thickness 

2.  Liner  inqiedance 


0*5  >  2  X  10^  Ohms-i 
Z  L/n  <  0.34  Ohm,  Z  T  <  20  M  OhmAn 


3.  Inner  wall  photodesorpdon  coefficient 

4.  Liner  pump  speed 

5.  TotalUnerh^leakto4K 

6.  Qryosocber  pump  speed 

7.  Oyosoiber  ponqnng  c{4)acity 

8.  Ctyoscrba  activation  temperature 

9.  Liner  quench  survivability  and  ASME  code 
10.  Radiation  dose  tcderance 


q  s  OXHlt  a  -  0.3  for  H2 

600 1/m/s  for  H2 

<  1  Wfordipde 

1200-3000 1/in/s  for  H2 

30TQtrl/mat294K 

294  K;  regeneration  <  80  K  H2, 

<294  K  all  Gases;  recovery  fraction  >  98% 
100  quenches  in  25  yrs 
1400MRadin25yrs 


V.  LOWER  TEMPERATURE  LINERS 

Several  concepts  of  4.2  K  and  20  K  Liners 
have  been  studied  as  a  result  of  the  new 
photodesoqrtion  tests.  Concept  A  had  a  complex 
extruded  shqre  with  three  supports  integral  to  the 
Him  tube.  Concept  B  showed  a  circular  beam  tube 
with  three  brazed  hat  shaped  suppexts  running  the 
full  len^  of  the  tube  (to  ensure  even  thermal 
distribution  between  liner  and  bore  tube).  Concqjt 
C  shoi^  dm  same  support  system  as  proposed  fw 
80  K  liner,  i.e.,  discrete  supports  located  every  1 
no.  AH  diree  concepts  would  be  qrtimized  for  good 
thermal  contact  between  the  liner  and  beam  tube.  In 
^  three  cmicqris,  the  cryosorber  is  located  on  the 
liner  outer  surface.  Concept  D  considered  addition 
of  a  4.2  K  charmel  on  the  liner  tube  to  boost  cooling 
cap^ty.  The  20  K  liner  system  concept  is  very 
similar  to  the  80  K  system,  but  with  the  option  of 
cryosorber  on  liner  outer  surface. 
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Rgure  5.  A  schematic  of  a4KBPM 
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Aa  end  ooodoctive  coding  ^^noach  has  been 
deiveloped  to  reduce  die  radial  sp^  budget  of  a 
^yndiroiion  radhtdon  Hner  to  permit  the  maximum 
possOde  liner  tube  inner  diam^  (ID).  Athermal 
mo^  has  also  been  devekqied  to  analyze  the 
diennal  performance  of  such  liners.  This  ajqiroach 
i  .  foond  to  be  accqitable  for  a  liner  in  a  5  m  long 
<{aadnqpole  fm^net  and  3  m  long  ^pooi  pkcc,  bat 
not  for  a  loo|er  15  m  dipole.  The  heat  transfer  and 
tempermare  mstribution  were  calculated  leapecdvdy 
adong  dm  vds  of  two  different  liner  model:  20K  and 
8(^  luier  wifedfferem  diicknesses  (03  -  2  tmn)  ttf 
liner  tubes  and  differait  mnissivities  (0.05  •  0.3)  of 
linffstarfme  for  a  variety  of  magnets.  Thethermal 
model  is  also  relied  to  the  case  of  an  80K  liner 
connected  directly  to  a  4K  beam  position  monitor 
(Bl^).  In  mder  a>  utilize  the  end  cooling,  a  good 
dieniial  joint  and  a  compact  heat  exchanger  are 
deigned. 

L  INTRODUCTION 

A  unifoim  and  maximum  possible  liner  inner 
diameter  (ID)  is  needed  due  to:  (I)  particle  beam 
Goomissioniiy,  (2)  particle  beamd^mamic  stability, 
and  (3)  safew  nuu^  of  impedance.  However,  the 
mmcahium  liner  ID  is  constrained  by:  (1)  the 
available  magnet  beam  tube  inner  diameter  (ID),  and 
(2>  the  mimmum  liner  radial  space.  Using  regular 
ooic^g,  die  ntinimum  liner  radial  space  is  6  mm  and 
using  end  conducting  cooling,  the  radial  space 
Meds  to  be  3.5  mm.  The  80K  synchrotron 
ndiation  laer  fnototype  was  designed  to  be  tested  at 
SSGL  Accelerator  System  String  Test  (ASST) 
fadlity.  In  the  case  of  the  80K  ASST  liner,  the 
253  mm  design  was  chosen  for  the  maximum  liner 
B>. 

Since  the  magnet  quench  induced  Lorentz 
pressure  on  a  CQM  liner  is  much  smaller  than  that 
a  CDM  liner,  the  pure  copper  tube  was  chosen 
for  die  OQMUnv  material.  Ihe  RRR  and  thickness 
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of  the  cofiper  tube  must  be  of  sufficient  value  due  to 
bofo  letpiiiements  (1)  resistance  wall:  conductivity  x 

Thickness  >  2  x  10^  O'*  and  (2)  conducting  heat 
transfer  requiremenL  However,  the  RRR  and 
dndmess  shall  not  be  top  larger  in  ordar  to  reduce 
the  Lorentz  pressure,  lliis  piper  will  focus  on  a 
thermal  miMel  used  to  predict  the  thermal 
performance  of  an  rad  coomig  linra  fm  different 
cases. 

n.  THERMAL  MODEL  FOR  END 
CONDUCTIVE  (XXMJNG 

An  end  conductive  cooling  ap^ach  for  the 
Spotd  Pieor  rad  CQM  is  shown  in  ngure  1.  The 
80K  OHe  flows  duouj^  a  cranpact  heat  exchanger 
located  at  each  end  of  the  liner  tube  outtide  of  the 
CQM  cold  mass.  The  rest  of  the  liner  tube  is 
refirigeated  by  tiiennal  conduction.  Acomp^heat 
exdianger  &  a  good  diermal  conducting  joint  is 
designed  to  utilize  the  rad  cooling  apjxoach  and  to 
assure  an  easy  assembly. 

A  thermal  model  to  analyse  the  end 
ctmductive  oot^ng  was  developed  by  Q.S.Shu  and 
ILYu  [1][2],  assuming:  (^  synchrotron  radiation, 
0.14  W  /  m;  (2l  (heat  leak  through  support)/2L;  Or 
(heat  leak  by  radiatioil)/2L;  L  half  length  of  the 
C(^(Qr.Spod  Piece;  A  the  cross  section  area  of 

the  liner  tubor,  AiT)  the  heat  conductivity;  M80)cu 
-5.50  W/(cm.K);  X(80)^  mi  -  0.045  W/(cm.K); 

6i,C2  the  emissivity. 

Qr »  oA(Ti^-T2^)eie2/(ei+e2  -  eie2) 
dOc  «(<i-QL'<^)dX 
if  q-«^*QL-Qr) 

Ox-’ACDAdT/dX 

and  Qx4dx»-ACnAdrr+(dTAIX)(lX]AlX 
-  -XCnA[dTAa+(d^AlX^)dX] 
we  know  Qx^dx-dQc+Qx 
»-q/lX(T>A] 

TlX)»-(<i/pX(r)A])X2  +  CiX+  C2 
boundary  cen^tions: 

T(X)Ix.l»80K;  T(X)U:».  L=  80  K 

wc  lidvc 

T(X)  =  -  {<y[2X(T)Al)X2+  {q/r2X(T)Al)L2 

1-80  (1) 
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X. 

Rfiire  1 .  A  schematic  drewhtg  of  a  liner  with  the  end  conducting  cooling. 


Using  the  .model:  l)The  temperature 
distr&mioa  akN»  die  liners  as  functions  bodi  of  the 
endstdvities  and  of  the  tube  thicknesses  were 
calcuiaicd.  2)  The  maxinunn  AT  could  be  less  dian 
SK  for  Spool  Keoe  Bner,  and  lOK  for  CQM.  3)  A 
ten^enttum  diflinmnoe  between  the  Spool  Piece  pipe 
ente  nad  die  middle  of  die  liner  is  2k  when  copper 
layer  of  2  mm  is  used  and  lOK  witheopper  la^  of 
QJ  mm  was  used  4>  For  CX2M  AT  of  ^  is 
cditained  when  comer  law  of  2  nun»  and  26K 
when  copper  of  03n»L  ^  The  ccmrectioo  of  die 
effect  of  the  magnmic  Sild  on  copper  foermal 
conducniviQr  is  considered.  Hgures  2,  3,  and  4 
show  some  of  the  calculamd  results. 


saooi  n«M  unaoi  (H) 


Spool  Ploeo  Lonfltli  (M) 


Rgure  2.  Temperature  distribution  of  80K 
Ikieri  as  fonctkm  of  liner  tube  thicknesses. 


Figure  4.  Temperature  distribution  of  20K 
liners  widi  one  end  cooling  only. 
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m.  IHERI^NIODEL  FOR  8(»C  LINER 
WlTHA4Kmf 


If  a  4K  BPM  is  used,  the  80K  liner  end 
ocmdttctive  oootog  beoHiies  OKMe  conwlic^  As 
sliownittFigiiie5.  To  reduce  die  heat  leak  throuj^ 
Aitoofner  finer  tube  from  80K  to  4K  a  10  - 
20  dn  piece  of  stainless  steel  tube  is  ins^ 
between  tie  BPM  and  ct^per  liner  tube.  The 
syndnesron  ndiation,  die  heat  leak  Bom  liner  to 
BPM,  die  heat  leak  Bxm  liner  to  4K  beam  tube  and 
the  hdit  exchange  between  the  liner  and  the  80K 
OHe  must  meet  me  law  of  conservation  of  energy . 

Past,  we  calculate  a  ten^erattire  distribution 
atong^me  S.  S  Liner  tube; 
n^en  0  2!  X  ^  L.  we  have. 

T,()0--qX2/(2XsA«)  +  SiX  +  S2  (2) 
The  tempoature  distribution  along  the  copper  tube 
s^  sati^Bq.(3)tf L^X^sLo. 

Te(X)-.q)^/(2XcAcHCiX4C2  (3) 


Eq.  (2)  &  (3)  roust  meet  me  following  boundary 

coomtions: 

T,(0)-4 

Tc(Lo)-80 

>oAc{aTc(X)/aX}|x.L  -  X.A.{dT«{X)/aX}|x_L 

T.(L)-Tc(L) 

The  Cl.  C2.  Si  and  $2  can  be  determined: 

Si  -  pi  cV(3l  sA.)!  l80+qL<,2/(2X  cAc)* 
qL2A2X  cAc)-«Il2/(2X  ,A,).41 


/[X  cAcL/(^  sAjI-L+LoI 
Cl  -(80+qLo2/(2XeAc)- 

qL2/(2XcAc)+qL2A2XsA8)-4] 


/I^cAcM^-sAsl-L+Lol 
C2-80+qLo2/(2XcAc)-Lo{  [SO+qLo^ 
/(2XcAc)*qL2/(2XcAc) 

+qL2/(2X  sAs)*41  /  [X  cAcL/(X  sA*) 


-L+Lcl) 

Using  Eq.  (2)  and  (3)  the  temperature 
distribution  can  be  calculated  &  shown  in  Hgure  6. 


Figure  5.  A  schematic  drawing  of  an  80K 
liner  wim  a  4K  BPM 


Rguie  6.  Tramerature  distribution  along  an 
80K  liner  wim  a  4K  BPM. 

IV.  GOOD  THERMAL  CONDUCTING  JOINT 

A  good  thermal  conducting  joint  concept,  as 
shown  ngum  1.^  was  prqpic^  by  Q.S.  Sha  &  K. 
Yu.  The  joint  makes  liner  assembly  easier. 
Assume  synchrotron  radiation  of  a  quaihrupole  to 
be  1  W.  The  heat  transferred  at  each  liner  end  is 
O.S  W.  If  the  pressioe  on  the  Cu-Cu  machined 
contact  is  7  MPa,  thermal  conductance  of  me 
ctmtact  (at  temperature  range  S— 25K)  is  h(T)  » 
0.13T  (W/cn^K).  The  temperature  across  me 

joint  AT(at80K)llK. 

V.  COMPACT  HEAT EXCHANGER 

To  make  end  cooling  work,  a  compact  heat 
exchanger  with  a  length  of  less  than  5  cm  was 
^velc^d.  The  total  heat  to  be  transferred  by  me 
heat  exchanger  is  Qs2  W.  Design  parameter  used 

were:  Cqpper  cooling  tube  IDs0.2S  cm,  mass  flow 
rate  of  the  80K  GHe,  dM/dt  =  0.25  g  /  sec.  the 
temperature  increase  of  GHe  is  AT.  Re»  CDA)  » 
31812,  Pr  =  qCpA  -0.357,  h  =  0.023  Cp  G  0  *  ^  , 

( De®'2  )  s  0.0345.  If  three  turns  are  used, 
L«  28.75  cm,  AT  <  IK. 
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Abatmet 

The  present  work  has  been  motivated  primarily  by 
the  dtaewrions  and  results  reported  M.CAVENAOO 
{!]  and  KJIATANAKA  et  al.,  [2]  who  indicate  the 
requirements  for  vacuum  systena  of  ECR  ion  sources.  To 
use  such  source  as  a  possiUe  source  ot  high  durge  state 
ions  is  very  interesting  on  uj^radhig  present  heavy 
paitide  aooeleratois.  The  relevance  of  ion  induced  pre* 
ssure  instability  and  neutral  gases  processes  is  given. 

I.  INTRODUCTION 

The  vacuum  system  of  the  ECR  ion  source  is  one  of  the 
main  oonqwaent  of  the  source.  Whereas,  operating 
pressure  ranges  for  vacutan  systems  of  acoderators  are 
10~*  -10~*  Ps  [3],  the  required  operating  pressure  range 
for  the  vacuum  of  the  ECR  ion  source  is  10~^- 

10~^  Pa,  respectively^  Basically,  it  consists  of  riainless 
steel,  cooper  beam  tubes  ponqwd  with  turbomcdecular, 
esyosorption,  getter  -  Tl  -  subtimatioA,  NEG  pumps 
combined  witii  sosption  and  rotary  punqis.  The 
combination  of  turbomdecular  and  rotary  punqM  is  being 
used  for  the  time  in  the  DECRIS  ion  source  [4].  The 
other  suitable  comfainatioos  of  vacuum  puiiq»  as  well  as 
the  pressure  measuring  gauges  are  shown  in  Figure  1. 

The  piqjer  is  mainly  oriented  to  more  detail  description 
of  iitfluenoe  of  gas  desorption  process  (ion  induced 
pressure  instabili^)  and  neutral  gases  on  the  vacuum 
qfstem  design  oftiie  ECR  ion  sources. 

n.  DESORPTION  OF  GASES 

The  ^essure  of  10~^  Pa  must  be  maintained  inside  the 
ECR  ion  source  and  its  beam  pipe  despite  of  i)  the 
thermal  outgassing  of  surfaces,  ii)  outgassing  due  to  the 
desorption  of  weaUy  bounded  nudecules  on  the  walls  of 
the  vacuum  system,  iii)  the  i<ms  induced  by  extracted  and 
accelerated  ions,  iv)  the  diffiisicm  of  hydrogen  from  the 
walls  of  the  vacuum  system,  iiv)  the  neutral  gases 
produced  inside  the  jdasma  of  the  ECR  ion  source,  as 
well  as  iw)  the  desorption  of  mcdecules  generated  by  a 
roentgen  radiation.  There  are  also  observed  direct 
thermal  effects  produced  by  the  radiation.  The  radiation 
is  also  penetrating  to  the  region  of  tiie  beam  pipe  of  the 
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Hgure  1.  Vacuiun  pumps  and  gauges  used  for  punqnng 
and  pressure  measurement  in  ECR  ion  sources. 

ECR  ion  source  throu^  the  orifices  in  the  anode  and  the 
extraction  system  of  the  source.  Therefore  ,  even  water- 
cooling  parts  of  the  first  and  second  stages  and  other 
small  areas  of  the  source  ,  as  for  exanqtie  the  input  flange 
of  the  high  frequency  generator,  can  be  above  ambient 
temperature  by  80  °C  or  more  with  a  corresponding 
increase  in  tiieir  thermal  outgassing  rate  by  an  order  of 
magnitude  or  more  [5-6].  To  establish  the  given  pressure 
for  the  given  punqnng  speed  the  average  thermal 
outgassing  rate  and  the  total  average  desorption  rate 
must  be  below  certain  definite  values. 

A.  loa  -  induced pressure  instalaUty 

The  ions  induced  by  extracted  and  accelerated  beam 
can  produce  desorption  of  strongly  bound  mcdecules.  The 

desorption  flow  rate  n|  ,  Q|  can  be  expressed  by  [7] 

tt|  =iioL(I/e)n  or  Q|  =iioL(I/e)p  (1) 

where  q  is  the  molecolar  desorptiem  yield  [molecules 
ion'*],  o  is  the  ionisation  cross-secticn  of  extracted  and 
accelerated  ions  [m^  ]  (  for  exanqrle  for  high  energy 

pre^ons  as  1.2x10'^  m^  and  for  CO  [3]  )  L  is  the  length 
of  beam  sectiem  [m],  I  is  the  beam  intensity  [A],  e  is  the 
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(Pa).  Note,  iliooB  are 
tiltii  inpa  ttw  iMtfM,  kenoe  if  will  rqweae&t  a  net 
dfcioiptiiaa  yield.  For  i|  <  0  "beana  paa^f*  can  be 
bbeeieed.  i«.  dw  qr«tc«n  acta  Uke  an  ion  pus^.  In  the 
paaaaiMMi  of  the  ko  iadnce  -  dea<»ptioe  ia  ii  >  0  and  die 
eqfuilttMinm  preaanre  can  be  esfneaaed  aa 

,2) 


wMchgivea 


p(I)» 


P».., 

,  ff  nt 


a^ere  po  a 
By  itttrodiildnf 


<T 

we  obtain 


(3) 

(4) 

(5) 


P'— 

1 - S— 

(»|IU 

Hanoc,the  ^critical  correttt”  product  for  S  ->oo  cannot 
exceed 

(7) 

Therefore,  ‘the  presaure  p  is  a  fonctioo  of  the  beam 
current  1.  The  h^er  ia  the  current  I,  the  higher  is  the 
equilibrnim  pressure  p.  The  conductance  of  the  beam 
pipe  and  the  pomp  distance  are  also  crucial  parameters 
for  vacuum  stability.  The  remerfy  "defect"  caused  by  the 
presaare  bun^  in  the  vacuum  system  of  die  source  can 
be  reduced  by  arhling  cryogenic,  getter  >11  wuidimatioo  , 
or  NEO  ponpps,  re^cdvely  (8>9].  By  300  °C  bakeout 
and  argon  ^ow  discharge  cleaning  of  the  source  stages 
and  beam  pipes  we  can  also  reduce  the  molecular 
deaorpdon  yield  t).  By  the  way  the  required  ion  ^>se  on 
die  beam  p^  is  typically  10^  cm'^  and  result  in  that 
qsO. 

The  glow  discharge  deaning  could  be  done  as  shown  in 
Fi^ire  2.  'Hie  discharge  gas  argon  gives  efficient 
qputtering  and  desorption  of  strongly  adsorbed  gas 
nK^cules.  On  die  other  hand  the  addition  of  oxygen 
prochiGes  from  carbon  contaminants  on  the  surface  CO 

andC02  which  can  easUy  be  pumped  (nit. 

The  other  very  inqiottant  sources  of  gases  in  the  ECR 
fon  sources  are  neutral  gases. 


■Ol  HMI  »M 
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Figure  2.  Layout  of  die  glow  disdiarge  cleaning  [3]. 


Ul.  NEUTRAL  GASES 


The  neutral  gases  am  arise  for  exam(de  by 
recomNnadons  of  ions  with  electrons.  The  effidracy  of 
the  process  is  very  high  at  the  low  energy  of  electrons  and 
suffidently  long  time  of  interactions  of  produced  ions 
with  electrons.  At  the  low  electron  temperature  the 
neutral  gases  strongly  influence  cm  the  balance  of  die 
|dasma  whidi  is  created  fnxn  charge  parddes. 

The  ion  -  loss  rate  due  to  the  rec(»nbinadcm  process 
can  be  described  by  the  following  equadon  [10] 


(8) 


where  n^  is  the  concentradcm  of  the  ions  [cm'^],  t  is  the 
time  (a]  and  a  is  the  coeffident  of  recombinadon  {(»i^s'*]. 
The  coeffident  a  may  be  approximated  by 


(9) 


where  T^  is  the  tenqperature  of  electrons  into  the  plasma 
[eV].  For  the  typical  values  readied  in  the  ECR  i(» 
source  is  n  *  s  5xl0”  cm’’  [11],  T*  =  5000  eV  [12],  o  £ 
14x10'^  cm^s'^ ,  and  at  the  v(4ume  of  the  second  stage  of 
the  ECR  ion  source  of  1500  cm^  (DECRIS),  the 


desorpdcm  rate 


dQ*» 

dt 


will  be  given  by 


dt 


=2xl0'*Pals*. 


(10) 


The  neutral  gas  is  also  generated  as  a  residual  gas  from 
the  usage  gas  flow  rate.  The  usage  rate  for  the  s(3lid  and 
gas  materials  is  varied  depending  cm  a  variety  of 
parameters.  It  has  generally  been  ccmfirmed  by  mod  of 
tests  that  the  usage  rates  for  many  sc^d  materials  are 

appnxrimately  1  mg  h'*  [13].  It  corresponds  to 

c(Misuaqid(m  of 

dO”* 

»2.5xl0'^  Pa  1  s  * .  (11) 

dl 


The  lowest  usage  rate  has  been  obtained  0.1  mg  h  ■»for 
a  caldum  run.  The  usage  rate  for  gaseous  materials  are 


afpratawtely  cm^  (STP)  mis  ^  [14].  It  correv 
po^toaiiwatoimcoiMMity^  of 


dt 


-0.1  P«U*. 


(12) 


So,  die  total  oeutnl  fas 
opefadon  is  given  by 


for  the  gaseous  materials 


d<y  ^  dQ^" 

dt  dt 


S 0.1  Pals  ^ 


(13) 


and  the  outgassing  rate  of  the  vaoiom  eqiosed  surfaces 
tower  than  10'^  Pa  1  s'*  cm'^  The  jdaama  tubes  and  beam 
tubes  must  be  made  of  stainless  steel,  steel  with  stable 
structure  and  with  a  tow  retadve  magnetic  permeability. 
The  alumiaium  and  cooper  can  also  be  successfully  us^ 
because  of  good  medianical  properties,  svailabiUty  and 
very  tow  desorption  rates. 

As,  it  is  pracdcaity  inqxxsible  to  separate  the  effects  ot 
diffiiaian,  outgassing,  and  permeatiao  whidi  are  wMaiinld 
higher  in  polymers  as  in  metals  [15],  it  is  not 
recommend^  to  use  polymers  for  clean  interior  surfaces 
of  the  ECR  ion  source  vacuum  system. 


In  order  to  obtain  suitaUe  operadoo  vacuum  inside  die 
beam  pipe  of  the  ion  source  of  10'*  Pa  the  effecdve 

pun^g  speeds  for  the  sadd  material  (Sen)  *od  the 
gaseous  (S^  )  operadoos  have  to  be  related  by  s:«s  25 
1  s'*  and  =  1000 1  s'* ,  resptcdvely. 

IV  OUTGASSING  OF  THE  BEAM  PIPE 

For  every  vacuum  system  the  size  of  the  required 
punqps  is  directly  related  to  the  outgassing.  The  first 
imported  source  is  the  stadc  and  thermal  outgassing  of 

weakly  adsorbed  molecules  and  diffusion  of  H2  from  the 
bulk  of  the  material.  The  standard  procedure  to  reduce 
the  thermal  outgassing  is  the  well  known  bakeout  of  the 
beam  pipe.  The  pressure  inside  an  unbaked  system  is 
mainly  determined  by  water  vapour.  In  a  dean  and  well 

baked  system  will  be  the  dcminant  residual  gas 
oonsdtuent  Tyiacally  total  specific  outgassing  rate  q  for 
unbaked  100  h  punqi  down  beam  pipe  constructed  by 
stainless  steel  is  10'^  Pa  1  s  *  cm  '*'  at  293  K  (q  for  baked  30 
•  150  h  punqi  down  beam  pipe  constructed  by  the  same 
material  at  573  K  is  10  *®Pa  1  s  *  cm^  )  [3]. 

The  second  inqiortant  source  of  gas  in  ion  source  is  the 
so  called  "dynamic”  outgausing  in  presence  of  the  beam. 
Here,  strong  bound  molecules  can  also  be  desorbed. 

The  quantity  of  the  outgassing  rate  very  strongly  also 
depends  on  the  finished  treatment  with  used  materials. 
However,  in  order  to  obtain  the  outgassing  rate  less  as 

lO**  Pa  1  s'*  cm'^  the  vacuum  system  is  not  allowed  to  be 
constructed  by  rubbers,  polyamids,  epoxy,  viton  and 
PFTE  materials,  reqpectivdy. 

V.  CONCLUSION 

In  practice,  it  is  very  difficult  to  construct  very  effective, 
reliaUe  and  cfaeiqi  vacuum  system  for  the  ECR  ion 
source.  The  vacuum  system  of  the  source  have  to  be 
designed  with  reflect  of  obtaining  the  vacuum  of  10  '*  Pa, 
tor  about  10  h  with  a  leak  rate  lower  than  10'*  Pals'* 
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AbstraeS  ' 

Dutriboled  JOB  paaiM  (DIPS)  will  be  used  for  the  beam 
vecaam  ryeteiB  of  the  g-2  nnoa  ■tonige  ring.  The  magaetic 
field  htfeiMily  end  alignment  angle  at  foe  DIP  locetkaseie  not 
amfocm.  The  pmnpiag  behavior  ofsevenddiffefeot  ion  pomp 
elcmenia  ondar  tl^  non-onifonn  magnetic  field  has  been 
atnfoed.  The  -SBanlta  are  o(»ipared  wifo  foe  theoretical 
prafoetkna.  Baaed  on  foeae  raaolts,  die  optimum  deeign  of 
die  tr2  raPs  haa  been  developed. 

I.  INTRODUCTION 

For  die  pradaion  nwaanremeot  of  die  muon  g-2  value,  a 
muon  aton^  ring  [1]  ia  being  canatiucted  at  Bfookhaven. 
The  pfinc^  eqoipmant  dP  the  Stonge  ring  is  die  continuous 
aupereonducting  magnet  wifo  a  B  of  <■  1.45  Tasls  and  a 
diameter  of  1^  Field  homogenei|^  of  1  p|mi  is  required  in 
die  muon  stonge  region  vriiich  rales  out  the  use  of  die 
oonventional  lamped  ion  pomps  for  die  beam  vacuum.  DIPS 
have  been  used  eottenaivdy  in  die  bending  ma^iet  chanfoers 
of  die  eketran  stonge  rings  as  die  main  high  vacoom  punqw. 
Wifo  die  eiisting  bending  field  and  die  vacuum  chambers, 
only  Penning  disdunge  cdla  are  needed.  In  foe  g-2  beam 
chunboa,  an  area  5cm  by  SOon  has  been  identified  for  die 
installation  of  dm  IHPs.  Tim  magnetic  fidd  at  diis  location 
nnges  Cram  12  to  IS  kilogmiss  and  dm  aKgmwt«t  angles 
(between  dm  direction  of  B  and  dm  DIP  anode  axis)  from  0* 
to9*.  The  pumping  behavior  dm  Penntngodls  in  diisnon- 
homogeneoos  fidd  has  to  be  dmracterized  befine  the 
im|deaieotation  of  dm  DIPS. 

The  pumping  speed  of  dm  Peming  cells  is  a  function  of 
B,  dm  anode  vdtage  V  and  dm  gecmmtiy  of  dm  cells.  To 
prevem  high  voltage  breakdown,  V  is  usually  limited  to 
aroond  5  kilovolts.  Wifo  the  known  B  and  V,  we  can 
maxhnire  dm  pumping  yeed  S  by  optimizing  dm  geometry  of 
the  pomp  denmots.  Enqpiricd  foranlae  have  been  used  by 
accelerator  sejentiata  to  dnive  the  optimum  dimensions,  sudi 
as  dm  cell  radhis  R,  dm  cell  kn^  L  and  dm  gqw,  8, 
between  dm  anodes  and  die  cathode  plates  of  dm  DO’S  and  to 
estimate  dm  adiievaUe  S.  The  detaik  of  these  formulae  can 
be  found  in  Refotenoes  2,  3  and  4,  and  will  not  be  repeated 
here. 


*Woric  performed  under  dm  anqMces  of  dm  U.S.  Department 
of  Energy. 


Makve  [2]  proposed  the  first  practied  fonnulae  for 
derivkag  the  geometry  of  dm  Fenniag  odk.  Baaed  on  his 
fommlaei,  S  increases  wifo  increasing  B,  R,  L  and  V. 
Haitwig  and  Kouptsidis  [3]  pemited  oin  later  dmt  S  peaks  at 
a  tmnaition  magnetic  field,  B|^  They  proposed  fofierent 
formnke  for  S  at  B  below  and  foove  B^^  For  B  <  B|j«  S  is 
a  fimetion  of  L,  R,  B  and  the  pressure  P.  For  B  2  B^  Sis 
mdependfsit  of  R  aad  B.  However  aevmal  reoertt  studies 
[5,6,7]  indicated  dmt  S  increased  wifo  R  even  at  high  B.  To 
eoqdain  dm  dependence  of  S  on  R  at  high  B,  Suetaugu  and 
Nakagawa  [4]  introduced  dm  ceO  kngfo  aad  nifius  dependent 
total  charge  intensity  Q  and  anode  fluttering  efficiency  J. 
Good  agreement  wifo  wqierimental  dM  was  achieved  when 
S  was  modified  by  Q  and  J. 

An  additional  variaUe  for  DIPs  in  dm  g-2  (foamber  is  dm 
alignment  angk  6.  No  qrstematic  study  of  the  dependence  of 
S  on  G  in  dm  Penning  c^  has  been  reported.  Hartwig  [3] 
suggested  dmt  dm  effect  of  dm  misalignnient  on  dm  pumping 
speed  can  be  estimated  by  re|dacing  R  wifo  dm  idfe^e 
radius  R  (6)  («■  R  cosG  -  0.5  L  sinB). 

n.  DEVELOPMENT  OF  DIPS  FOR  g-2 

The  DIP  locations  in  dm  g-2  beam  chambers  has  B 
ranging  fiom  12  to  15  kilogauss  and  G  from  0*to  9*.  We 
have  measured  dm  pumping  fieeds  of  four  kn  pomp  ekmeats 
at  B  from  a  few  tamdred  gauss  to  15  kilogaosB  a^  G  from 
Q’to  13°.  The  dimensioos  of  dm  danents  tested  are  listed  in 
TaUe  I.  dements  A1  and  A2  have  dm  same  R  and  L  vriiifo 
B  and  C  have  larger  cell  radii.  The  results  are  summarized 
and  compared  wifo  dm  jaedictions  of  dm  existing  empirical 
formulae. 


Table  I. 

DIMENSIONS  (in  cm)  OF  THE  ELEMENTS  TESTED 


Ekmaot 

R 

L 

f  CellB 

A1 

0.6 

1.9 

92 

A2 

0.6 

1.9 

140 

B 

0.9 

1.5 

32 

C 

1.2 

2.5 

57 

0-78Q3-1203-1/93S03.00  0 1993  IEEE 
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A  beniSag  OMfiiet  widi  a  pde  gq>  of  13  cm  hi^,  25  cm 
wklaand  120cmIoagwMiiaedtosi^y  theiequiiedB.  A 
pmnimig  qpeed  measttrement  syitom  was  constructed  for  thia 
■tody.  It  coBsuts  of  a  gas  inlet  dumber  and  a  pnn^nog 
duadwr  separated  by  an  orifice  widi  a  conductance  C  of 
0.9  f /sec  for  nitrogea.  The  ion  pump  eteimwr  was  mounted 
in  dm  pumping  chamber  centered  in  the  magnet  gq>.  Ion 
gauges  ware  used  to  measure  the  pressures  at  both  chanduts. 
The  punqung  speed  measurements  were  carried  out  at  a 
pressure  of  low  10'^  Torr.  Nitrogen  was  used  as  a  test  gas. 
It  was  Med  into  the  gas  chandmr  throng  a  variable  leak  valve 
and  pumped  by  the  dement  through  the  wifice.  Theelements 
would  pomp  gas  at  eidier  1.4  Tesla  or  0.2  Tesla  for  a  few 
hours  before  the  measumnent  b^an.  The  magnet  was  dun 
ramped  to  the  desired  B.  The  gauge  readings  wme  recorded 
after  a  steady  state  wm  reached  at  the  sdected  B,  udiich 
usually  occurred  in  a  few  minutes.  The  above  steps 
dun  rquated  for  the  next  B.  To  test  du  effect  of  du 
alignment  on  the  punqnng  queds,  du  pumping  chamber  was 
tilted  to  an  angle  6  relative  to  the  dire^on  of  B.  The  speed 
measurements  wne  then  taken  at  this  angle.  Ihuqung  queds 
at  the  following  angles  were  studied:  0**,  3”.  6**,  9”,  1 1**  and 


13*.  The  pumping  queds  were  derived  as  S  »  C*(P^.- 
^punqP^punq)' 

The  measured  S  of  eadi  dement  at  differein  B  are  plotted 
versus  B  in  Figure  1.  As  predicted  by  the  empirical  formu¬ 
lae,  S  increased  widi  increasing  B  and  peaked  at  Bj,.  AtB> 
B,,  when  B  was  small,  S  of  elements  A1  and  A2  remaiiud 
constant  with  increasing  B.  At  large  B,  S  dropped  off  initially 
dun  levelled  off.  Fw  elements  B  and  C,  S  dropped  off 
rapidly  with  increasing  B  at  all  the  angles.  This  dependence 
of  S  on  B  for  du  large  ceUs  is  not  predicted  by  du  empirical 
formulae.  The  calculated  S  for  dements  A1  and  C,  using 
Suetsugu's  modified  formulae  [4]  are  compared  widi  the  mea¬ 
sured  S  in  Figure  2  for  B  »  0*  and  9*.  ReasonaUe  agree¬ 
ment  between  du  measured  S  and  du  calculated  S  was 
obtaiiud  for  donent  Al. 

The  effects  of  alignment  on  S  are  illustrated  in  Figure  3, 
whme  S  is  plotted  vmsos  B  for  B  =  0.2  and  1.4S  Tesla.  The 
results  wne  conjured  with  the  calculated  results  using  Suet- 
sugu's  formulae  and  R  (B).  ReasonaUe  agreement  between 
the  cdculated  S  and  the  measured  S  was  obtaiiud  for 


Figure  1.  Measured  pun^iing  queds  of  several  ion  pun^i  elnnents  as  a  function  of  the  magiutic  field. 
The  nundurs  above  are  the  alignment  angles. 
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At  it  ti^  Tatla:  tad  for  ulamwin  B  ad  C  at  0.2 

TMh. 


Takiag  afl  foaaa  focta  arto  cookleraHa,  fo»  o|itiii— i  odU 
ndfoa  aaanai’lo  ba  araund  Omni. 


Pig.  2.  Compariaon  belwiaa  foe  caladated  pumping  apeeds 
and  foe  mnerored  pooping  apeeds  at  alignment 
angles  of  0*  and  9* 


fo  anomaly,  at  B,  foe  mfsured  pnopiiig  apeeds  of 
foe  elements  of  aoall  cells  are  anbatantiafly  hitler  foa  fooee 
offoeeleaientsoflauBceilsevwatP*.  Ibese  lesolts  are  in 
reantoaMe  agreement  wifo  foe  cakidaied  reaolts.  The 
pumping  speeds  foe  eiements  of  huge  cells  decreased 
rapidly  wifo  increasing  B,  ndiidi  are  not  predicted  by  foe 
eauatieg  empirical  fonoilae.  At  lii|d>  B,  effect  of  ims- 
aHgmnem  on  foe  pompmg  npeeds  dements  wifo  small  cdls 
is  in  reasonaUe  agreement  wifo  foose  cakalated  namg  R  (9). 


m.  OPTIMUM  DIP  DESIGN  FOR  g-2 


Pig.  3.  The  dependence  of  foe  pooping  apeeds  on  foe 
alignment  an^  9  at  B  »  0.2  T  and  1.45  T  for 
dements  Al,  B,  and  C. 


To  liiiiit  foe  pompiiig  apeed  ha  due  to  foe  coodnctaoce 
restriction  to  less  foa  10%,  Mafeve  [2]  proposed  that  foe  cdl 
lengfo  L  dioold  be  betwen  3-4  times  of  R,  or  aroond  20iinn. 
The  gqis  0  betwem  foe  cdls  and  foe  cafoode  (dates  mast  be 
naaonddy  large  for  conductance  porposes  and  to  (nevent 
bigh  vtdtage  breakdown.  Smm  will  meet  foese 

requironeots. 

A  total  of 250  cells  of  foe  above  geometry  in  foree  l^era 
cn  be  padeed  at  each  g-2  DIP  location.  Based  on  Soetangu's 
forandae,  as  well  as  foe  (lerfonnance  of  elements  Al  and  A2, 
pumping  qwed  of  over  100  f /sec  cm  be  realized  fironi  eadi 
g-2  DIP. 


The  results  of  our  study  indicate  foat  foe  jniinpiiig  apeed 
of  foe  dements  wifo  R  n  9mm  dropped  off  rapidly  wifo 
increasing  B  and  9,  whkfo  sets  foe  upp»  bound  for  foe  odi 
radins  of  foe  g-2  DIPs.  The  mmimum  cell  radius  cm  be 
estimated  from  Pg,jg,  foe  mmimMin  operating  nressure  as 
defoied  I^  Maleve  12J.  At  a  P^  of  l*10r<  Torr,  foe 
smallest  radins  of  foe  pseudo  cdls  (foe  tpuoe  betwem  foe 
regular  cetts  foat  gives  extra  piim|>mg)  should  be  1.5mm  and 
foat  foe  regular  cdls  4inm.  Ottm  measurements  [5,6,7]  at 
high  B  gave  a  minimum  radius  of  5iimi,  below  foat  foe 
pumping  speed  dropped  off.  This  is  oonsislent  wifo  foe  feet 
foat  foe  told  diaeba^  intensity  Q  [4]  decreases  wifo  R. 
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WHAT  JOrnSHG  METH<H>  FOR  THE  NEW  GENERATION  CXF 
ACCEEXRATORS  (SSC  and  LHC) 

ILCHUiER 
Helicoflex  Con^Nuiy 
POBOX9889  Cohunbia  SC  29290 

J.MONTUCLARD.  MXEFRANCOIS.  CRROUAUD 
Le  Cafbooe<LoiTaine  CdUac  Etandifitf 
90,  Rue  de  la  Rodie  du  Geai '  42029  Saint  Etienne  Cedex  •  FRANCE 


Abstnact 

M<m  dian  8600  S1^)ercondncting  magnets  will  equip 
die  SSC  (Supeicoadacting  Super  Collider)  accelerator 
Mid  abom  3000  will  be  used  for  die  LHC  (Unge  Hadnm 
Col)ider).Those  magnets  require  a  speciHc  piping 
^siem  widi  about  10  dUfeient  lines  ranging  in  diammer 
frnn  43  to  ISO  which  ate  meant  to  provide  ulua>high 
vacmmi  and  helium  ootding  down  to  1.8*K. 

One  of  the  joining  metnod  under  consideration  is 
'  weMng. 

We  have  deii»l<q>ed  another  solution  which  allows  a 
quidt  and  ultra-dean  joining  method,  using  a  chain- 
danqi  on  tapeied  flanges  seded  widi  a  HEUCCM’LEX* 
resilient  me^  seal. 


L  OPERATING  CONDITIONS  OF  THE  LHC 
PROTON  COLLIDER  MAGNETS. 

Those  magnets  will  be  installed  above  die  existing 
accelerator  built  in  a  27  km  tunnel  in  Geneva- 
Swha^iland. 

lb  be  reached,  die  7.7  TeV  beam  eneigy  inqilies  the  use 
of  magnets  aflowing  a  magnetic  field  of  about  9.5  T, 
ndiKh  haveto  operate  at  1.8*K. 

A  magnet  is  built  widi  2  tubes  which  «e  located  inside 
die  magnet  body  and  have  a  43  mm  inner  diameter 
udiere  ultrn-high  vacuum  is  created,  such  configuratkm 
bqhig  known  as  the  ‘Iwo-in-one  design”.The  required 
vacuum  level  is,  for  a  beam  Ufetinie  of  24  hours : 

<2. 10*  Ibir  at  5*K  for  hydrogen 

<  2. 10’'*  Ibrr  at  5*K  for  carbon  monoxide 

All  wound  the  mignet  body,  in  ordo’  to  help  reaching 
superconducting  m^,  diere  are: 

2  tubes  ci  so  mm  inner  diametw  contdning  a  ciyogenic 
fluid  w  about  80*K  for  coding  purposes 


2  tubes  of  SO  mm  inner  (&uneter  for  dwnnal  exdumge 
2  times  2  tubes  of  65  mm  and  ISO  mm  foner  diaroeier  to 
cany  siq[ietfluid  helium  at  2.2*Kad  1.8*K. 

All  fogedier  there  are  lO  tubes  rwiging  in  diameter  from 
43  to  ISO  mm  which,  once  jouied,  must  cmiqily  with 
operating  condidons  as  extreme  as  <  1.10'*  Ibrr  (<1.33 
10'*  Pdi^inhiai  vacunm,  1.8*K  siqwifluid  hdium,  and  20 
bar  helium  pressure  when  a  magnet  quenches. 


n.  EXPECTED  NUMBER  JCHNING 
OPERAnC»«S 

Each  one  of  die  junctions  is  eiqiected  to  be  assemMed  3 
times  over  die  life  of  the  madune: 

-die  first  time  by  die  magnet  manufsctuier  in  order  to 
allow  final  imqpecdtm  in  terms  of  performance,  i.e. 
vacuum,  supeiconctectivity,  and  magn^  field 

-the  second  time  Airing  construction  of  die  accelerate. 

-the  third  time  for  eventual  modifications  of  the 
accelerator  which  are  likely  to  be  decided  over  an 
expected  opwating  life  of  20  years. 


m.  TWO  JOINING  METHODS  CAN  BE 
CXINSIDERED 

A  Welding 

The  TIO-ORBITAL  welAng  process  is  probably  one  of 
the  most  commonly  used  methods  in  industry  for 
joining  2  tubes  end-to-end  in  atelidile  way. 

WidxHit  rejecting  totally  such  a  sohition,  it  still  must  be 
remenbered  that  connecting  superconducting  magnets 
inqilies  9ccific  lequiremwits  triucfa  this  m^iod  makes 
it  difficult  to  comply  with.  For  example  testing  the 
magnets  means  tuning  to  weld  all  junctions  and  plugs 
whidi  dien  have  to  be  cut-off  for  fiiud  installation  on  the 
machine.  The  cot  in  diat  case  can  only  be  perfrumed  in 
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accordance  with  UHV  requirements,  that  is  to  say 
without  cutting  oil  and  without  any  particle  getting 
inside  the  piping  system.  Furthermore  the  welding 
(q)minions  must  be  carried  out  without  oxidization  in 
order  not  to  have  to  perform  afterwards  chemical 
riMiiing  of  the  surfaces.  Over  the  life  of  the  machine 
similar  difficulties  will  also  be  encountered  whenever 
f»>site  modifictuimis  are  necessary. 

B.  A  demmuaable  metallic  junction:  (fig.J) 

la  order  to  overcmne  die  difficulties  mentioned  earlier 
regarding  die  wdding  and  cutting  operations,  we  have 
developed  and  tested  in  collaboration  with  the  CEA 
(Commissariat  h  TEneigie  Atomique)  a  joining  system 
die  principle  of  which  is  already  well-known  in  UHV 
qiplications  (chain-clamp,  tiqiered  flanges,  and  seal), 
which  allows  disassembling-reassembling  cycles 
widKHit  ever  having  to  cut  the  tubes. 


IV.  TESTS 

A.  Description  of  the  tested  system :  (Fig  2  and  3) 

A  tested  junction  ocmsists  of : 

2  -  63  mm- 304L  stainless  steel  t^iered  flanges, 

1  Helicoflex  seal  having  aluminium  gr-lOSO  sealing 
jacket, 

1  stainless  steel  chain-clamp. 

The  chain-clamp  when  being  tightened  brings  the 
t^iered  flanges  toother  therefore  conqiressing  the  seal. 

The  Helicoflex  seal  centered  by  means  of  metal  cups 
oisures  die  required  tightness  by  the  plastic  deformation 
of  its  aluminium  jacket  against  the  flange  faces,  the 
inner  qiring  providing  the  elasticity  needed  to  keep  the 
performance  steady  ovm-  the  operating  life . 

One  of  the  major  aspect  of  the  test  is  to  check  the 
reliability  of  the  system  at  LHC  operating 
oonditi(Mis.lbsts  were  carried  out  at  the  CENG  (Centre 
d’Etudes  NucKaires  de  Grenoble)[2]  and  CEA  [ij. 


B.  Test  set-up  and  procedure: 

Phase  1; 

The  3  junctions  are  installed  inside  a  cryostat  having  a 
300mm  inner  diameter.The  cryostat  is  successively 
filled  with  liquid  nitrogen,  then  liquid  helium,  then 
pumped  usii^  a  turbcunolecular  pump  in  order  to  reach 
die  1 .8K  superfluid  helium  tenqierature. 

The  inner  volume  of  the  junctions  is  evacuated  to  lO*’ 
atm  at  APslbar  and  connected  to  an  ASMS2  Alcatel 
leak  detector  which  features  a  sensitivity  better  than 
1.10  "  Pa.m3.s-1.  The  leak  rate  is  permanently 
monitored  over  the  300*K/1.8*K/3(X)*K  temperature 
cycle  which  is  iqieated  6  times  in  a  row,  thus  giving  test 
data  from  18  different  samples.  The  results  are  shown 
inlhble  1. 
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Phase  2: 

In  order  to  check  further  the  behaviour  of  those 
junctions,  an  inverted  testing  arrangement  has  also  been 
used. 

This  arrangement,  even  more  stringent  than  the  first 
one,  is  such  that  the  junctions  are  pressurised  with 
cryogenic  fluid  and  installed  inside  a  vacuum  chamber 
connected  to  a  leak  detector.  Liquid  nitrogen  is  first 
introduced  until  77*K  temperature  is  measured  at  the 
thermocouple.  Gaseous  helium  is  then  brought  in 
instead,  while  the  leak  detector  is  monitoring  the 
vacuum  chamber  for  eventual  leak.  Then  helium 
pressure  is  increased  up  to  23  bar,  the  leak  rate  being 
monitored  over  the  whole  temperature  cycle 
(300*K/77*K/300*K)  which  is  repeated  30  times  in  a 
row.  The  results  are  shown  in  Tsble  2. 
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-b)  jrat  nu}gf?>races  witb  compression  stopped  by  the 
Helictrflex  internal  compression  liimler- 


•c)  flat  flange>faces  with  compressitm  stopped  by  a 
m^  ling  located  in  the  void  ^pace  between  Helkx^x 
inner  aprf  tube  inniy  diameter* 


I L  IS-Ulh«3/*(L  tS-MMaoBl/e 


V.  DISCUSSION 

Befiore  aiB.  it  must  be  noted  than  it  was  decided  to  use 
alulhittiiiin  as  sealing  matmal  for  2  major  reasons 
whi^are: 

-firstly,  pure  altmunium  is  a  very  ductile  metal  which, 
ojtdqH  ior  indium  which  finds  itself  limited  by  some 
mi^  drawbacks  such  as  sticking,  creeping,  quick 
ofltiqifeatioii,...,  has  no  equal  for  UHV  qiplicadons, 
-secondly,  it  was  meant  to  chedt  that  diis  material  is 
Gompatfi^  widi  superfluid  helium  conditionsin  that 
respect,  no  leak  has  been  observed  using  alumininm 
un^  test  conditions  i.e.  I.8*K/liquid  helium  outside 
junction  (see  phase  1  results). 

In  |diase  2  (liquid  nitrogen  +  gaseous  helium  inside 
junction),  we  have  cbedted  die’bdiaviour  of  3  diffoent 
configuradons ,  using  in  each  case  a  CEFILAC*  newly- 
desig^  K^-weight  chain-clamp  and  an  aluminium 
Helicoflex  seal  having  a  4.8  mm  cross-section  diameter 
s^ndi  features  high  qxingback  cqmcity  to  conqiensate 
for  differential  expansitm  during  thermal  transients 
ggiecially  dwing  the  coding  phases. 

Tte  3  configurations  were: 


In  sU  3  omfigurations,  no  leak  has  been  observed  (see 
(rfiase  2  results) 

As  a  conclusion,  we  can  say  that  those  demoontdile 
metallic  joining  ^rstems  are  a  perfectly  suitaUe  sdutkm 
for  the  future  in  the  new  accelerators  using 
superconducting  magnets. 

Complying  with  the  most  stringent  reliability  and 
cleanness  requiranents,  they  also  allow  a  much  shorter 
assembling  time  and  make  easier  any  further 
modification  of  die  machine. 


•a)  symmetrically  grooved  flange-faces  with  metal-to¬ 
rn^  contact  as  close  to  tube  inno’  diammer  as  possible 
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Qqrgen  chopper  wed  in  an  Acccknitor 


TnAhU  l^nhari  Im  Mjiiiin«n  — mI  ghiiy^  11«mI» 

IlfirhMirri  Tiiiiwfiin  B— th  T  thrifilniy.  Hifchi  Ud. 


MM«ad  KobqwM  aad  Yoidifo  Han 
Naioari  UtnoMavy  to  lifli  Eocigy  FlQfiict 
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AiMpiKt 

Test  MigpkM  of  mdiaad  <Kygeo  five  copper  wcce 

i3qiKaedioi3aiceioamiidi«liflttftom(iel1ioloaF>ciofy(P^ 
of  KEKforecritkdcaeegyofAkeV.  h  experiaieatt,  we 
meewiied  Ibe  ptotoelectna  yield  end  die  photodeeoquioB 
yield  doe  to  ^idBOlMai  ladietioiL  The  tnadieled  radaoea 
weft  alao  aiilyzied  by  AES. 

I.  INTRC©UCnON 

Ojqrgeo  Flee  Copper  (CX’C)  haa  good  prapertiea  aa  die  ma¬ 
terial  for  vacauaBoqaqiaaeaia  in  pi  aooekialar.  Sncfapioper- 
dee  iadudehii^coadBctivilyaiad  good  ahieldcharactmitici 
dmi  are  effective  ^aiaot  ht^  eaeigy  ladiatioa.  (XC  ite> 
diowa  lower  phoiodeaoqytkmyiaidaU^l.  Fhotodeaoqpciaato 
aoodeiatora  ia  affected  by  toepholoB  energy,  toe  photon  flint, 
and  toe  aurfeoe  tveainieaia,  etc.  Some  atiidiea  fbeoaing  on  a 
photodeaorption  proeeaa{4-10]  have  diowa  toat  pbotodee- 
trana  emitted  fiam  iiradialiitl  aorfaoea  are  dw  main  canae  of 


am  alao  andyzed  by  AES. 

II.  EXPERIMENT 

A.Bxpei^miUalseaq> 

The  apparatin  at  die  BL21  of  PF  ia  iqxated  in  detafl  in 


Cerami 


^  Sample  San^ale  holder 
Pbotodectran  atopper 

Hg.  1  Eaperimemd  aet  lyfor  the  meaaureniCTt 
at  BLr21  of  the  Photon  Factory ,  KEK. 


The  pmpoee  of  toia  wtperiment  n  to  atody  dm  cffecta  of 
hindhnionrfayBchroaMnfadiatinnonCyCiniennaofpiioto- 
eleciron  pendnetion.  anrface  rhangra,  and  deaoiption.  While 
OPC  aaaqdea  am  inadUted  by  ayndnotron  ndiation  jtoo- 


Refcmnoe{S|.  The  cqieriaBcntal  act  ap  for  toia  capciimcwt  ia 
ahownhiHgum  1.  SyndawtieniaiiationftomtoePFiiagen- 
tew  toe  chandler  after  being  rnlBm  ate  flat  toe  dit  Ihedzeof 
toe  photon  beam  ia  5  mm  in  both  dhectiona.  Theditalaoworita 
man  orifice  of  3 1/a  condBrtanmCh^eqmvalcnt). 

(XC  aampko  (auuL  of  four)  am  firat  aOndied  to  die  aanqde 
holder.  The  aam^  holder  ia  toen  am  in  a  rhamhrr  made  of 
atainieaa  atecl  dnon^to  *  c***"*^  *■'9^  ^<>(Aer  ia 

floating.  At  thia  poim.  we  can  meamm  die  photocmicnt  pro¬ 
duced  in  aanqdm.  A  photoelectwn  atopper  made  of  CMPC  in 
fiont  of  the  hmdiated  aantotea  to  poaribly  rednm  toe  deaerption 
fiom  the  chamber  due  to  inadiation  of  aecondary  portidea,  anch 
m  aecondaiy  dectrona  and  reflected  photona. 

B.OFCs0npks 

All  aanqdea  am  made  of  hi^poiQr  ootygen  fine  copper 
(ASTM-FSBOme-lXll].  Tddel  Hate  toe  aanplea.  Bioeptfor 
Saiafiel-2  (extradeiO.  die  average  ramhatoa  (Ra)  of  amadune 
fiiirahed{l]aanq)leaiadtoerRm:12JM»orOJ|Uii.  Aceloneia 
need  for  degmaiiagwidiulttaaonic  agitation  for  30  min.  HNO, 
of  45%  concentration  by  volnme  (from  HNO,  of  65%  oonoen- 
tiaiian  by  wei^)  ia  med  for  add  dcainng.  dto  add  cleotiiiig 
ddonimd  water  ianaed  for  lindag.  methanol  and  dry  mtrogen 
am  naed  for  drying.  Them  are  two  aciiea  of  esqietimeina:  orm 
acriea  ia  indkated^  "Sanqilel-”  awl  die  other  ia  *Saiwpie2-*. 
The  aanqpfea  were  inadialed  aeriafly  m  each  aeriea  wMM  ea- 
poanreloair. 

Table  1.  OFC 


1-1 

125(madiimn^ 

degreasiiig 

50 

1-2 

raw(exirosioiO 

degreaaitig 

6J090 

1-3 

125(machiiang) 

d^reasing 

1.020 

Q.  l(]iiadmiii|g) 

d^reaamg 

790 

0.1(machinii|g) 

degreasiiig 

12.590 

0.1(niacliimng) 

aciddeadng 

27340 

III.  RESULTS  AND  DISCUSSION 

A  Photoelectron  yield 

Hgnre  2  and  Hgme  3  ahow  photodectron  yidda  in  the  firat 
aeries  and  in  die  second  aeriea.reqiectivdy.  Ttehorizoritalans 
rqneaems  the  integnted  photon  dom  wtneh  is  initidized  dier 
each  direct  inadiation  on  to  a  sanqile.  Abeamdomof  ImAHi 
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1.75x10'’ 

^IflinAmd  iMB  At  ckaatar  ttraiilb  dit.  te  oidv  «f 
taMwitaHirffiamSai^l-liiiin^ 

dackw  |Wdi  m  iiMte  for  SmvIb1-3  ad  Sfloptel  A  itew 
MBflM  an  aaiAiw  fiiMad  nd  have  da  aane  anfgmtm. 
Snipbl-2 Witt attaKiwdadinfaiaiMaaMiiiBn yield.  D«wk> 
a  rtaii  arqniiiiinM  ijaiwn  nwnr  itin  liintirtiltirTma  ]irli1i  in  Tlfl 
an  2  an  dbamu  fiqn  a  poin  aa^wqr  dwelt  imdiaiifln  rf 
Sanffel-2.  TtedilfanantaplnioeiaGiiaiyieldaUa^ 
to  dw  ddfaaaKa  m  sarfaoe  ooaiitkais.  It  is  conadend  tibat 
Saaa|dal-2  adU  coaiaiH  aa  nporiiQr  fivmg  die  lofwcr  ptoiB' 
atecton  yield,  ag..  cartxtt  landiind  ia  Ae  cxiniaioia  proceaa. 


laamlraaloweryiiotoadon.  Ilia  aaean  tbat  phoioekcaraa 
ykdd  ia  am  ctoariy  iaftaeand  by  the  total  doae. 

la  eoB^Neisaa  widi  die  pholoekcaaa  yield  of  alsaanaai  al- 
1^19)  a  2  xlO“  photon  aaderaoraial  iaddeaoe.  toe  yield  of 
Saaqds2-2  ii  aliaint  oae  and  half  tiiBBe  higher. 

®  oms 


□  Saaqilcl-l 
OSaBvie2-2 
ASaBaple2>3 
OSaaqde24 


P  10^*  10^^  10^  lOr*  10“ 


10^'^  10^*  10*^  1<^  10*‘ 
Dttact  ptoSoa  dose  ^photoas) 
Fhoaoelectroa  yield  ia  toe  first  eqien 
aeases  to  a  fbaGto  of  doect  plioiaa  dose 


Hg.  2 


Tie  phoioeleGtRn  yidds  ia  toe  second  aeries  ne  aboil  ;i  ia 
HfBn3.  T1iBavengetnaidhnriifogSaBylee2-1.2-2.and2-3 
ia0.1  naiaadtoatof  Saaipti2*4ia  llJpm.  Sanqdes2-land2- 
2  an  degwaaed  wito  acetone,  and  Saaiples  2-3  and  2-4  an 
Mated  with  HNO,.  The  tendency  of  decnasiag  photodectian 
yidda  wito  nenaaiag  photon  don  for  Saaiples  2-1  and  2-2  ia 
aiadartodiatforSaaB|da  l-3and  l-4inRgan2.  Thecom- 
aaon  factor  hen  is  acetone  degre  Being.  '.However  die  yidda  for 
Sainplea  2-1  and  2-2,  each  wfaon  average  roagbaessia  0.1  pm, 
anannDerdiantoonofSaoqdea  1-3  and  1-4. 

The  decnariag  teadea^  for  toe  aamplea  Mated  wito  HNO, 
differs  fiom  daa  for  Sanqdea  2-1  and  2-2,  at  photon  dosca 
higher  daae  10”  photona.  San^lea  2-3  and  2-4  eiqierieiioe  a 
aauderdopa  The yidd of Sangdel^b^insdecnaaiiig again 
tike  the  yield  of  toe  Saaipk2-2,  hot  the  yield  of  Sample2-3  ia 
lazier  toan  diat  of  Sanqil^2.  The  yidd  of  Sanq>ie2-4  ia  d- 
moat  constant  and  maiiitaina  a  Ugh  valac.  It  ia  pnanmed  diat 
toeee  bdiavkaa  of  phatodecMayiddBforaaaqdes  Mated  wito 
HNO,  an  dne  to  an  oxide  iMytt  prodnoed  in  acid  deaung 
stage.  This  oxide  layer  poaaihiy  inenaaes  toe  pbotoelectroa 
yidda.  lhediffereaceinyiddabetweeaSanqiles2-3aad2-4ai 
photon  doses  U^Kr  tonn  10*'  photons  means  that  smface 

stage.  The  totd  dose.  Le.,  toe  int^ated  don  from  toe  be^ 
ahig  of  dto«tpcrinicnt,ia  different  for  cadi  irradiation  Innate 
of  tola  ddfenaoe,  die  yidda  an  not  so  different  among  die 


Direct  photon  don  (photona) 

Hg.  3  Fhotodection  yidd  in  toe  second  experimental 
seriea  as  a  foadion  of  diiect  photon  dose. 

B.Syiface(aiafysis 

The  sarface  conceatralions  of  the  machhie  finiahed  aanqiles 
inthefiratmqiicrimeatanahawninHgund.  Theniesdtsam 
obtainedfiamAESandyaia.  TheMm'Otoen‘'inclndmC3.S. 
Nnqmritiea.  Saa^ileOwasnatea|»aedtosyndBotionmdm> 
tion.  The  enben  ratio  decreases  for  a  small  don  (Sanviel-l). 
bat  mcnaan  wito  incnaBiagia  photon  doae(Saaqiks  1-3  and 
1-4).  CorMetpiendy,  toe  decrean  ia  photodecMn  yidd  wito 
increaaiag  photon  don  in  Hgnn  2  is  probably  carniwl  by  das 
carixm  ratio  increan  on  the  snrface.  The  ratio  for  catbrai  of 
Sanipiel-3  to  Saaqilel-4  is  almost  same  m  the  ratio  for  phoio- 
decaon  yidd  of  Sanvlel-4  lo  .Sangdel-3  at  toe  last  photon 
don  leqwctivdy.  The  pressmes  at  das  conditions  wen  10* 
Toir  range. 
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Sample  0  Samplcl-1  Samplel-3  Sanqilel-4 
Hg.4  Smface  ooncentratian  of  Carbon,  Oxygen, 
and  Copper  by  AES  andyais. 

Hgnn  5  shows  Auger  depdi  profiles  obtaned  by  3  keV  ar¬ 
gon  km  qmtteriiig.  The  qwtteriiig  rate  is  120  A/min  (SiO, 
eqfuivalent).  The  oxide  layer  becomes  diick  after  photon  irn- 
diatioa 


Tte  diffcNBW  pralMUy  ibgIbiIm  IIk  cfancisnMiol  fof 


Sappho 


I* 


□  SaqteM 
O  Sm^?p2 
ASMn|te2-3 
OSmuIc24 


l^panvliaiB(iiim)  J  10**^  10**  10*®  10**  loi**  10** 

Rl.5  Aagg  4ai»A  pwfiiM  of  OPC  brfoie  Dinctpbolaa<low(i*otoM) 

ad  aAar  photon  inadinigB.  Kg.?  FhoiodeaaqMiaa  yield  in  the  wcond  cxpariawnttl 

C.HkHodaorptkmykU  acnct  a  a  fiaclnn  of  direct  photon  doa. 

Hfwn  6  ihoira  die  plnModesotption  yield  (total  jy^  CQf^CLUSI^^ 

plwiDdBaoqilk»yield:N,eqp.)intteaoondeeriea.  Aaehotwi 

in  Hgine  1,  the  eia  of  saaflee  ia  aufl  and  ana  of  te  bmdinioa  of  syncfaraiiQB  ladiaiion  to  CPC  incnaaca  the 

^anherinaeranfaoeiaaMnttanSOtiaMalamerdnntetof  carton  concfiiiiaiion  a  dninadiandarihce.  Thephotodrr- 

rteaaiplaa.  TlMnft»e.rtiaphotodeMnpdonyiddindiidearte  tiaayiddwIiirtaffectt|diotodeao>ptionuGlHinfed^dieiiho- 

~fr"r  ~f  ifliT  fri  mtinn  frwi  nlhir  nmpmifnli  HganO  ton  doae  and  dttrartaoetnaiinait;airfaoea  with  acid  ckainng 

aiaortBnaorteryicidi(l|aMaanndiiiimatBatanct  Ihelotai  inpaiticidarinaintainabighyield. 

pkotodtoflQipticB  sficoBid  cftoflc  to  tfho  of 

nainiaai  itnl  rhirt(SUSdBeO;itiaali|hdyhi|herdiieieacom-  Acbiowledpima 

liliandiooainrtnrtecfaanlierandalaigeaeifineaRa;in  TheandionaninddindioOr.KanaBnra(KEK)forrap- 
ipilaofrtnecandiiiona.  however,  die  yidda  an  not  Mhi|^  It  plying  dnextnidedOFCaanpie. 

laannBnddHidnhiijhdeaBiiyniPonofphoiocieGaFaaiaaw*  _ 
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Fig.6  Fholodeaoqitioo  yield  of  the  aecandejqwrimatri 
aedeaaafhnelianof  lolriiihoiandon.  Ihe 
yidda  an  coaqiand  Wirt  dioa  in  Raf.ni. 

Rgnn  7  ahowa  die  aame  yidda  a  rtown  in  Fignn  6.  bat  rte 
horiawnri  aria  winwcnto  dndinct  photon  don  initialiaed  at 
ihrbegiBBingofeachinadiaiion  Atthebcgianuigofeachina- 
durion.  each  yield  ia  htghn  dan  diat  of  pnvionaly  inadined 
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Abseroct 

The  DA^NE  Main  Ring  Vacuum  System  is  designed  for 
an  mean  opoadng  piessuie  at  1  nTocr  with  a  circulating 
emad  of  abom  3  A/beam.  Rniie  dements  calcubuioos  have 
been  cankd  oia  to  cbeck  the  maximum  possible  deformadoo 
Ibr  the  Bolding  Quadrant  vacuum  chamber  that  wUl  be  made 
of  A1  S083*H321.  Water  cooted  copper  absmbers  are 
employed  to  cope  with  the  Synchrotron  Radiation,  (SR), 
produced  in  the  wigglers  and  dipoles.  The  soiai  gas  load  due 
to  SR  is  <>>2.6x10*^  Ton  1/s  per  arc  for  CO,  with  a 
photodesotpdon  rate  molec/jph,  (after  "i^Ahr  of 

commissioning),  as  measured  at  NSLS-BNL.  Nine  qwtter  ion 
punqis  and  nine  dtanium  sublimadon  pumps  are  located  in 
each  arc  to  provide,  reqiecdveiy.  the  13%  and  the  83%  ttf  the 
required  pumjdng  speed. 

1.  INTRODUCTION 

The  DA^NE  O’factoty  [1]  is  a  twin  ring  310  MeV  e*^e‘ 
odlider  faciUty  under  construcdtm  at  INFN-LNF  in  Ffascad. 
To  reach  the  desired  luminosity  value  ofL  <•  3xl0^cm~^s~*, 
at  y  s  1000,  a  stored  beam  of  3.3A  and  a  mean  pressure  of 
IxIO'^Torr  are  required  in  each  ring.  Four  10-meta-iong 
vessels  constitute  the  vacuum  chamber  of  the  bending  sections 
of  each  ring.  The  selected  material  is  A1 3083-H321.  A  10«-20 
mm  slot  divides  the  beam  channel  from  an  antechamber  where 
the  absorbers  and  the  pmnping  stations  are  located.  The 
maximum  possible  deformation  of  the  vacuum  diamber  has 
been  checked  via  a  frnite  elements  method  as  reported  in 
section  II.  Water-cooled  coiqier  absorbers  are  provkted  to 
cope  with  the  high  photon  flux  produced  in  the  Bending 
Qndraits,  (B(^.  The  total  gas  load  has  been  estimated  fixxn  a 
pbotodesorption  rate  of  i;  =  1  x  10~^  mokc/ph  for  CO,  after 
-40  Ahr  of  beam  conditioning,  as  reported  in  section  m.  This 
II  value  is  the  result  of  an  experiment  on  the  UlOB  beam  tine 


at  NSLS  [2].  Nine  Sputter  loo  Pumps,  (SIP),  and  nine 
Titanium  SuMimaiion  Pionps.  (TSIO,  are  located  in  each  arc, 
for  a  total  reipiited  pumping  qieed  of  5-1.3x10*  The 
TSP  is  designed  taking  into  account  the  operating  needs  of 
DA^4E.  A  frill  scale  prototype  has  been  built  and  tested.  The 
results  of  the  measuremoitt  and  the  rotnine  performance  of 
our  vacuum  syrfem  are  reported  in  sectkm  IV. 

n.  MAIN  RING  VACUUM  CHAMBER 
MECHANICAL  ANALYSIS 

Ihe  Main  Ring  vacuum  chamber  is  geometrically  designed 
in  such  a  way  that  most  of  the  Synchrotron  Ration  is 
stopped  in  the  antechambers  by  water  cooled  ct^qier 
absorbers.  The  generated  gas  load  will  be  pumped  out  by  the 
pumping  stations  located  close  to  the  absoibm  whi^  are 
perpendiculariy  oriented  with  respect  to  the  photon  direction. 

BQ  chamber  will  be  machined,  inside  and  outside,  from 
two  A1 3083-H321  plates  and  wdded  along  the  median  {dane. 

Several  cross-s^ons  of  the  DAONE  Main  Ring  have 
been  analyzed  by  means  of  a  finite-element  code  [3]  in  order 
to  check  the  maximum  deformation.  Both  two  and  three 
dimensional  (wherever  posable)  computatioos  show,  under 
the  atmoqiheric  pressure  and  the  bakeout  temperature,  a 
maximum  vertical  dispiacemem  less  than  0.3  nun  in  most 
cases,  and  the  stress  field  is  far  from  critical  conditions.  In  the 
quadrupole  section  longitudinal  ribs  are  advisable,  as  first 
calculmions  show  a  vertical  diqilacanent  of  the  order  of  0.3 
mm.  The  stress  concentration  has  been  investigated  around  the 
fillets  of  the  chamber,  and  the  adaptive-mesh  algmithm 
methodically  used.  Doe  to  several  inqxovements  and  changes 
in  the  shape  of  the  chamber,  a  final  finite-element  analysis 
will  be  carried  out,  via  a  CAD  interface,  as  soon  as  the 
geometry  wiU  be  frozen. 


Figure  1  The  DAONE  Bending  (Quadrant  layout 
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m.  SYlCIffialltONRAmTlON  INDUCED 
DESORFT^ 

Poor  wl0k|it  dgbt  beadi^  nagnets  constitute  tke 
bendbii  secdoot  of  An  Matt  Ring.  The  total  aiBriwr  (tf 
eadoed fioas tba  atagaeisit: 

~  -  8.08x10^  •  «GeV)  /{A)«  i2xl0*‘  ph/s. 
m 

Rrom  the  wiggkn about  1.3xl0^‘ ph/s  are eautted.  and 
tbe  total  photon  flux  per  arc  is: 

ph/s. 


aliawfanpn  md  naoff  gf  g|g  SyBChfOttOa  P^^naitni^  {g  hlCldeat 

onacoBwabsoiber.  SB  nbaattam  tube  coBtafattig  a  copper 
Imt  was  ID  a  wUle  photon  beam  and  desorption 

coefflckats  were  measured.  In  Table  1  the  Rsuto  tAtahied  for 
the  NxModeaotpdon  rate  of  H2,CH4.CX>,Op2.  after  Nj  glow 
dladMige  cleanlag.  me  reported.  Due  to  Ae  diffieicaoes 
between  DAANE  and  Uira  parameten,  Uefed  in  Table  2,  the 
values  obtatted  at  the  Ulfffl  bcamline  have  to  be  atultiplled 
by  a  Cactor  of  0.S2,  (see  ref.  [1]).  hi  order  to  get  the 
qqvopriate  ip-1  JtKT”  molec/jpb  Ibr  the  DAAbC  vacuum 
system. 

IV.  TITANIUM  SUBLIMATION  PUMP  DESIGN 
ANDTESTS 


Ibe  total  gas  load  is  related  to  the  photon  flux 

'Mbett  1!  (iooUc/ph)  is  the  pbotodesoiption  rate  of  the  vacuum 
chamber.  In  Older  to  estimate  the  ri^t  value  of  II  we  set  up  an 
experiment  on  the  UlOB  beamline  at  tbe  VUV  ring  in 
Brookhaven  [2],  having  critical  energy  Bc  «49QrV.  Since  the 
DAMIE  beam  chamber  and  antechamber  are  made  of 


Table  1 

Pbotodesorption  coefiidem  T|  for  H2.  CH4.  <X>.  CX)2.  after 
N2  glow  discharge,  for  differeitt  vidues  of  accumulated 
_ nhoion  dose  [21. _ 


7}  {molecules/ photon) 

photon  dose 

IxkP 

ph/m 

5.5x10” 

ph/m 

♦IxlO” 

ph/m 

H2 

1x10-* 

7x10-* 

6x10-* 

CH4 

<1x10"’ 

-1x10-* 

1x10-* 

(X) 

6x10-* 

2.5x10-* 

<2x10-* 

COl 

1.5x10-* 

6x10-’ 

4x10-’ 

*exttap(daied 

AflerN2glow  lx\0^* atom/ cm^ 

ThUe2 


Comoatisooc 

ifUlOBandDAAN 

DEnarameters 

VUV 

WIG- 

GLERS 

490 

mm 

330 

eV 

Flux  correction 

1 

0.84 

0.92 

Low  enersv  cut-off 

5 

0 

beihi 

eV 

Angle  ctfinc.  on 
absorber 

5.7 

80-90 

degrees 

correction* 

1 

059 

Totd  correction  on  n 

0.52 

*fiQm  decirical  meanrements 


To  reach  the  required  avenge  pressure  oi  1  hTott  ,  the 
pressure  hi  the  BQ  has  to  be  about  2  nTorr ,  smee  the  stndght 
sections  must  operate  at  pressures  in  the  low  lO'i**  Ton 
range.  For  tbe  pumping  spe^ddsconstrahit  yidds: 


2.6x10-* 
2  x10^ 


1.3x10^ //j. 


This  punqdi^  speed  can  be  achieved  by  enqiloiring  TSFs, 
winch  are  well  suited  to  pump  a  large  quantiqr  of  Hydrogen  at 
low  pressures  [4],  [5]  and  [6],  together  with  qnittor  km 
pumps.  In  Figure  1  tbe  BQ  layout  is  shown  where  nine  200 1/s 
SIP’S  and  nine  TSFs  are  provided.  In  this  way  Ae  required 
pumping  speedforeachTSPis: 

1.2x10’ //f. 


To  test  the  crqiacity  of  a  TSP  to  pump  sudi  a  high  gas 
load  for  a  reasonable  time,  ix.  to  guarantee  the  desired  mean 
pressure  for  a  duration  of  two  weeks  without  being  swticlied 
on,  a  first  TSP  prototype,  simulating  tbe  operating  condiiioBS 
in  the  BQ  antechamber,  has  bemi  built  and  tested  at  Rascati. 


CO  ir^et  ipi  subl  ___ 

\vo  1  1  . 


orifice  on  SIP 

(a=2Bmm  '  ** 


Figure  2  Experimental  set-up. 
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b  2  tte  oqieriiiientia  qipmiiit  is  sbown.  A  Varum 
TliMi^  Ftemnu  Caitrii^  wm  employed  at  Tl  aowoe. 
‘naee  mpams  m  avaBa^  in  die  standvd  caitridge  for  3 
fnau  of  loial  evapdcalie  Tl.  TIvee  Varian  BA.  vacmim 
gaupa  wen  used,  two  far  die  CO  diioi4b|Mit  deienabatioB 
widi  the  oriflee  mediod.  VGl  ttid  VCI2,  and  die  diM.  VG3.  to 
noovd  die  pnaanm  in  fae  eqierimeMid  cbamber.  A  Vacuum 
Gm*r0or  SX-200  Residual  Gm  Analyzer  was  used  to 
(falcfinlne  tin  paitial  pressuies  of  die  gas  qiedes.  Tbe 
pubiii^qieedSbora  getter  fibn  of  area  A  is  [6]: 

SofAm3.64f{TfM)^l  s''^  cm-^ 

Tbe  data  available  in  literature  [4]  tot  the  sorptitm 
cbaracterisdcs  flashed  Ti  flfans  give  / « 0.38  as  the 
stickiaf  coefficient  of  freshly  deposited  Ti,  and 
HxVp atom/cm^  CO  as  tbe  total  amount  pumped  by 
••  1900x10*^  nom/cm^  of  Ti.  In  Figure  3  the  curve  our 
TSFs  pun^nng  sp^  vs.  tbe  total  amount  of  CO  pumped  is 
rqxirted,  for  SOO  nominal  numolayers  of  deposited  H. 
Cr«293  KX  In  this  prototype  tbe  area  actually  covered  by  Ti  is 
about  2400  cm^,  leading  to  an  initial  stkldng  coefficient  for 
CO  of  about  /«  0.6.  This  value  is  higher  than  tbe  stiddng 
coefficient  quoted  in  literature,  but  this  can  be  attributed  to  a 
greater  area  actually  covered  by  Ti,  due  to  a  (teep  sand¬ 
blasting  of  the  surface.  Furtbennore,  in  this  preliminary 
prototype,  the  presence  of  a  short  pipe,  with  different  aixs 
aections,  between  the  TSP  and  the  location  of  the  vacuum 
gauge  affects  the  accuracy  of  the  measuronents.  However  this 
uncertainty  is  easily  avoided  directly  cormecting  the  TSP  to 
the  experimental  chamber,  without  limiting  conductance 
between  tbe  two,  as  planned  for  a  second  prototype.  As  far  as 
tbe  sorption  oqiacity  is  concerned,  \Torr-l  of  CO  corresponds 
to  ttl^t  14  monolayers  of  gas,  in  relative  agreement  witii 
Ham's  results  considering  that  the  thickness  of  our  'll  film  is 
only  «S00  montdayers.  A  sectnd  full  scale  prototype  of  TSP 


Tot  CO  pumped  (Torr  I) 


RgureS.  TSFs  pumping  speed  vs.  tbe  total  amount  of  CO 
pumped  for  500  iK»ninal  monolayers  of  dqxisited  Tl 


has  been  built  aad  is  now  under  testfag,  see  PiguR  4.  hi  Ae 
new  set-iqi  tbe  TSP  punqi  is  cirecily  connected  with  a  fuU 
scale  prototype  of  a  d^xde  vacuum  chamber,  hi  order  10  avoid 
my  conductance  btmveen  the  TSP  and  the  antechamber. 
Furtbennore,  an  inienal  sawtooth  shaped  structure  has  been 
added  10  the  TSP  to  increase  the  surface  covered  by  the  getter 
film.  Accurate  measurenmtt  are  now  in  progress  m  Frascati 
to  test  this  method  of  taicreasing  the  sorption  capadty  of  the 
pump,  in  ordm  to  operate  in  an  expmimental  set-up 
reproducing  the  actual  operating  cooditioiis  of  DA4ME. 

V.  SUMMARY 

A  vacuum  system  has  been  designed  for  the  DAWiE 
Main  Ring.  Due  to  die  high  Syncbrotron  Radiation  load  hi 
the  beading  quadrants,  a  slot  Avides  the  beam  channd  from 
tbe  copper  absorbers  and  punqiing  stations  locations.  Based 
on  die  photodesorption  yi^  of  tbe  A1  vacunn  chamber,  after 
the  commissioning,  nine  SIP’s  and  nine  TSFs  will  be 
provided  in  each  BQ  in  order  to  guarantee  an  average  pressure 
of  1  aTorr  for  about  two  wedcs  offtiUcurraitoperatioii. 
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Abstract 

A  method  to  dHermine  longitudinal  prenure  pn^ea  in  the 
ptesfflBce  pumps  and  outgassing  elements  in  conductance 
limited  vacuum  systems  by  a  transfer  matrix  formalism  is 
discussed.  The  algorithm  is  capable  of  dealing  with  mul¬ 
tiple  connected  vacuum  systems.  An  implementation  of 
tto  method  in  the  computer  codes  VAKTRAK  and  VAK- 
LOOP  is  briery  described. 


Tab! 

e  1:  Definition8  of  symbols  used. 

Quantity 

Units 

Explanation 

P 

Wl 

pressure 

Q 

[Tbrrl/s] 

gas  flow 

z 

[m] 

longitudinal  position 

c 

[ml/s] 

specific  conductance 

8 

[1/smj 

linear  pumping  speed 

9 

[Torrl/sm] 

specific  outgassing  rate 

s 

PM 

integrated  pump  speed 

L 

[m] 

element  length 

1.  INTRODUCTION 


The  longitudinal  pressure  profile  P(x)  in  a  conduction  lim¬ 
ited  vacuum  system  obeys  the  following  linear  differential 
equation  in  the  presence  of  pumps  and  outgassing  ele¬ 
ments  [1] 


-8P  = 


-9 


(1) 


where  the  symbols  are  explained  in  table  1.  We  stress  that 
the  presented  method  is  only  applicable  in  the  molecular 
flow  regime,  where’^e  mean  free  path  of  the  molecules  is 
much  larger  than  the  dimensions  of  the  pipes  and  manifrdds 
such  that  the  viscosity  of  the  gas  is  negligible. 

Under  the  assumption  that  the  specific  conductance  e, 
the  specific  pumping  speed  s,  and  the  specific  outgassing 
rate  f  are  piecewise  constant,  equation  1  is  an  ordinary 
differential  equation  with  (piecewise)  constant  coefficients. 
Thus  it  can  be  solved  by  the  method  of  transfer  matrices.^ 
The  general  transfer  matrix  can  be  easily  found  from  the 
sum  of  homogeneoia  and  inhomogeneous  solution  of  eq.  1, 
namely 

P(z)  =  Cie®*  +  C72e-“*  +  J  (2) 


with  a  =  y^Jc.  Solving  for  initial  conditions  we  obtain 
a  transfer  matrix  R  for  the  pressure  P  and  the  gas  flow 

"work  raiqtorted  by  the  Department  of  Energy  Contract  OE- 
AC03-76SF0051S. 

*This  ig>proadi  waa  originally  initiate  by  the  author  at  the  Uni- 
venitit  Dortmund  and  led  to  the  development  of  a  PC  baaed  program 
CLOBIVAC  [3)  by  M.  Michel. 


Q  =:  —edP/dz,  assempled  in  a  state  vector  (P,  Q,  1)  which 
reads 


Rit 

= 

CjO&\i{\/7JcL) 

Ri2 

= 

L  sinh(\/8/c£i) 
c  y/sJcL 

Ri3 

= 

qL^  cosh(  ^/s/cf.)  — 
c  {8/e)L^ 

Rn 

—cy/8/cainh{y/s/cL) 

R22 

= 

C08h{y/8/cL) 

Rn 

= 

,  sinhCv/sTcL) 

Jtci. 

R33 

= 

1  ,  R31  =  R32  —  0 

From  eq.  3  we  can  now  deduce  special  cases  for  elements 
which  do  only  outgassing  or  pumping.  A  piece  of  beam  line 
which  neither  pumps  or  outgasses  is  given  by  e([.  3  in  the 
limit  9  — »  0  and  s  — »  0.  A  long  pump  is  given  by  9  0.  A 

very  short  pump  can  be  described  by  eq.  3  with  L  -*0  but 
constant  integrated  pump  strength  S  =  sL.  The  transfer 
matrix  of  a  long  outgassing  element  is  given  by  eq.  3  in  the 
limit  of  s  — »  0. 

Given  the  transfer  matrices  it  is  possible  to  track  a  given 
pressure  profile  through  a  vacnum  lattice  if  the  initial  val¬ 
ues  Po  and  Qo  are  known.  Another  option  is  to  find  the 
initial  values  under  the  assumption  of  periodicity,  i.e.,  if 
one  considers  a  sequence  of  equal  vacuum  celts.  Given  a 
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cumulative  transfer  matrix  M  through  a  vacuum  structure 

«=("  f).  (4) 

•where  A/y  =  Mi,  ftwr  i,i  =1,2  and  Vj  =  Miz  for  t  =  1,2, 
the  periodic  solution  Pt  is  given  by 

A  =  (1  -  M)-^v  .  (5) 

where  Po  stands  for  the  vector  (Po,Qo)- 
Observe  that  a  transfer  matrix  represents  two  equations 
that  relate  two  components  of  the  input  vector  Pq  to  two 
components  of  the  vector  at  the  end  of  the  vacuum  beam 
line.  By  specifying  two  of  the  four  values  the  system  can 
be  solved  for  the  other  two.  In  this  way  more  general 
boundary  conditions  can  be  taken  into  account. 

As  an  example  consider  a  synchrotron  radiation  beam 
line.  At  one  end  it  is  linked  to  the  storage  ring  which  can 
be  assumed  to  be  held  at  constant  pressure  and  at  the 
other  end  it  is  closed  off,  such  that  the  gas  flow  is  zero.  If 
the  vacuum  components  in  the  beam  line  are  specified  the 
system  can  be  solved  for  the  incoming  gas  flow  from  the 
storage  ring  and  the  pressure  at  the  closed  off  end. 

II.  VAKTRAK 

The  code  VAKTRAK  contains  an  implementation  of  the 
matrices  given  by  eq.  3.  It  first  reads  an  input  file  that 
contains  the  sequence  of  elements  and  their  correspond¬ 
ing  properties  like  length,  conductance,  pump  speed  and 
^  outgassing  rate  and  constructs  the  transfer  matrices.  The 
code  then  prompts  for  the  boundary  conditions  and  con¬ 
tinues  to  emulate  the  pressure  profile  and  the  gas  flow. 
Finally  it  writes  a  TOPDRAW  [3]  file  that  displays  the 
vacuum  lattice,  the  pressure  profile,  and  the  gas  flow  as 
shown  in  fig,  1.  The  details  of  operating  VAKTRAK  are 
explained  in  ref.  4. 


One  has  to  keep  in  mind  that  this  method  is  numeri¬ 
cally  touchy  and  the  calculation  of  the  sojutioa  for  very 
long  vacuum  lattices  is  numerically  unstable,  so  the  usn 
must  be  careful  iu  interpreting  the  output.  This  problem 
is  alleviated  as  far  as  possible  by  using  UAL*16  variables 
in  internal  calculations.  It  should  be  noted  that  this  proiv 
lem  mainly  arises  in  systems  with  luge  pumps  and  small 
conductance,  i.e.  systems,  which  are  physically  not  well 
designed. 

The  beam-gas  scattering  lifetime  in  a  storage  ring  is  de¬ 
termined  by  the  average  of  the  pressure  and  the  beta  func¬ 
tion  over  the  circumference  of  the  ring  [5].  VAKTRAK 
provides  the  option  to  specify  a  magnet  lattice  in  TRANS¬ 
PORT  style  input  [6].  This  file  is  read  and  tSe  periodic 
solution  for  the  beta  functions  is  determined.  Then  the  av¬ 
erages  of  0,  P,  and  0P  are  calculated  and  displayed.  Using 
this  routine  it  is  easy  to  optimize  the  placement  of  pumps 
in  a  vuuum  system,  and  taking  the  detailed  behavior  of 
the  beta  functions  into  account. 

III.  MULTIPLE  CONNECTED 
VACUUM  SYSTEMS 

So  fu  we  are  dealing  with  single  segments  Uf  beam  line. 
Using  periodic  boundary  conditions  is  equivalent  to  either 
an  infinite  array  of  such  segments  or  a  circulu  segment.  In 
order  to  take  more  complex  geometries  into  account  such 
as  pump  manifolds  connected  to  beam  pipes  at  vuious 
locations,  we  have  to  generalize  the  concept  of  periodic 
bounduy  conditions. 

This  generalizaticr  is  based  on  Kirchhoff-like  rules  for 
vacuum  systems  [7,  They  ue  based  on  the  observation 
that  in  vacuum  systems  the  pressure  plays  the  same  role 
as  the  voltage  in  electric  circuits  and  the  gas  flow  behaves 
analogously  to  the  current.  Using  these  observations  we 
can  state  two  rules: 

1.  the  sum  of  gas  flows  into  a  node  is  zero, 

2.  the  sum  of  pressure  differences  around  a  closed  loop 
is  zero. 

These  rules  now  take  the  place  of  periodic  boundary  con¬ 
ditions. 

A  further  complication  arises  from  the  number  of  un¬ 
knowns  we  have  to  solve  for.  For  out  purposes  we  choose 
the  pressure  at  each  of  the  n  nodes  and  the  gas  flows  into 
and  out  of  a  link.  .  In  this  way  we  have  to  deal  with  n  -t-  2i 
unknowns,  where  /  is  the  number  of  links.  Now  we  have  to 
find  the  same  number  of  relations  among  the  unknowns  in 
order  to  find  the  systems’  equilibrium  configuration. 

The  first  of  the  above  rules  relates  the  fluxes  flowing  into 
and  out  of  each  node,  thus  yielding  n  equations  among  the 
unknowns.  The  second  rule  allows  us  to  use  the  transfer 
matrices  for  each  of  the  links  j  to  relate  the  pressure  at 
the  starting  node  of  a  link  P,  and  the  gas  flow  into  that 


3910 


link  Q,j  to  the  preHure  of  the  ending  node  of  link  Pt  and 
the  gas  flow  out  of  the  link  Q,j  according  to 
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In  this  way  we  obtain  21  more  equations  for  a  total  of  n+2l 
linear  equations  among  the  pressures  at  the  nudes  and  gas 
flows  into  and  out  of  the  links.  The  solution  of  this  system 
is  a  simply  accomplished  by  any  routine  that  solves  lin¬ 
ear  equations,  e.g.,  those  using  a  Gauss-Jordan  algorithm. 
One  should,  however,  pay  attention  to  numerical  instabili¬ 
ties,  because  the  transfer  matrix  elements  can  become  very 
large.  The  cure  is  to  use  the  highest  available  precision  on 
the  computer  implementation. 

The  described  algorithm  is  implemented  in  the  code 
VAKLOOP,  which  reads  an  input  file  that  contains  the 
segments  (links)  element  by  element  just  as  VAKTRAK 
does  with  the  exception  that  the  segments  are  separated  by 
input  lines  that  specify  the  starting  and  ending  node  of  the 
following  segment.  VAKLOOP  then  calculates  the  transfer 
matrices  for  each  segment  and  sets  up  the  linear  equations 
as  described  in  the  previous  section  and  solves  them.  Fur¬ 
thermore  the  code  generates  plots  like  those  shown  in  flg.  1 
for  each  of  the  segments.  After  the  calculation  is  done  a 
few  consistency  checks  are  performed  (also  needed  for  ac¬ 
curacy)  to  test  whether  the  solution  actually  solves  the 
linear  system. 


IV.  CONCLUSIONS 

We  presented  a  method  to  calculate  longitudinal  pressure 
profiles  in  very  general  conduction  limited  vacuum  net¬ 
works.  The  method  is  implemented  in  computer  codes 
which  allow  fast  and  simple  evaluation  of  the  pressure  in 
such  systems. 

This  method  is  closely  related  to  a  matrix  formalism 
treating  charged  particle  beams  in  magnetic  systems.  The 
pressure  takes  the  role  of  the  transverse  position  x  and  the 
gas  flow  that  of  the  angle  x'.  Some  of  the  transfer  matrices 
discussed  in  the  second  section  of  this  note  can  be  directly 
identified  with  magnetic  elements.  Pressing  this  analogy 
a  little  further  we  can  identify  vacuum  gauges  with  beam 
position  monitors.  It  needs  to  be  investigated  in  the  future 
whether  this  can  be  used  to  determine  the  position  of  leaks 
in  vacuum  systems. 

In  this  note  the  pumps  are  assumed  to  be  linear  {S  = 
Q/P)-  However,  thi»  restriction  can  easily  overcome.  The 
equations  in  this  case  will  become  weakly  nonlinear,  but 
can  still  be  solved  iteratively  [2]. 

Furthermore,  the  codes  currently  deal  with  one  gas  at  a 
time  and  the  pressures  are  partial  pressures  for  that  gas.  It 
is  easy,  at  the  expense  of  a  lot  of  bookkeeping,  to  improve 
the  codes  to  allow  to  deal  with  different  pressures  at  the 
same  time. 


Discussions  with  M.  Michel,  Univ.  Dortmund  are  grate¬ 
fully  acknowledged.  I  have  profited  greatly  from  discus¬ 
sions  with  and  suggestions  for  improvement  in  both  the 
codes  and  this  note  from  the  first  users  of  VAKTRAK  and 
VAKLOOP,  B.  Scott,  SLAC/SSRL,  G.  Bowden,  SLAG  and 

3.  Rifkin,  SLAG. 
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Abstract 

This  paper  presents  a  brief  report  on  the  present  status 
of  fiMiue  acceleikor  proiecu  at  the  National  lirimratory  for 
High  Energy  Physics  (KEK),  Japan. 

I.  INTRODUCTION 

The  KEK  laboratory  has  been  successfully  (^m^g  the 
TRISTAN  accelerator  complex  since  1986.  It  consists  of  a 
2.5  GeV  electron  /  positron  linac,  an  8  GeV  Accumulation 
Ring  (AR)  and  a  29  GeV  Main  Ring  (MR).  Concurrently 
with  this  operation,  in  response  to  recommendations  by  the 
Japanese  High  Energy  Physics  Committee,  survey  studies 
have  been  continued  on  new  accelerator  facilities  at  KEK.  We 
have  two  nuyor  future  projects,  namely,  the  asymmetric 
e^e~  B-factoty  based  on  TRISTAN  (TRISTAN-II)  and  the 
Japan  Linear  Collider  (JLC).  The  puipose  of  this  paper  is  to 
ootliiie  those  research  activities  and  to  present  an  update  on 
their  status. 

II.  TRISTAN-II  (B-Factory) 

A.  Overview 

The  eventual  goal  of  a  B-factory  is  to  allow  studies  of 
CP  vk^ation  interactions  in  weak  decays  of  b-mesons.  The 
KEK  version  of  a  B-factory  aims  to  serve  this  purpose  by 
providing  e^e~  collisions  at  the  T(4S)  resonance  with 
asymmetric  energies  of  8  GeV  (e~)  and  3.5  GeV  (e*)  [1, 2]. 

After  considerable  discussions  on  the  ring  parameters,  our 
presem  working  assumption  has  converged  to  build  two  new 
rings  within  the  existtng  TRISTAN  tuimel.  Best  efforts  will 
be  made  to  use  existi^  infiastructures  and  facilities. 

Table  1  summarizes  pertinent  parameters  of  TRISTAN-II 
for  its  low  energy  ring  (LER)  tmd  high  energy  ring  (HER). 
The  numbers  shown  are  for  the  Phase-I  {iteration  where  every 
fifth  RF  bucket  is  filled.  We  aim  to  deliver  a  peak  luminosity 
of  2x10^^  cm~2s“l.  Later  in  the  Phase-II  operation,  by 
niling  all  buckets,  while  maintaining  the  same  particle 
intensity  per  buncb  the  Anal  peak  luminosity  may  reach 
10^  cm~^~^  Experiences  to  accumulate  during  the  Phase-I 
will  be  essential  in  reaching  the  Phase-ll  goal. 

B.  Injector 

The  present  KEK  lituic  (S-band,  400  m  long)  produces 
2.5  GeV  electron  and  positron  beams  at  25  Hz  (maximum  50 
Hz).  It  is  currently  u^  as  the  injects  for  tte  TRISTAN 
accelerator  complex  and  for  the  Photon  Faaory  (PF)  ring.  To 
eliminate  the  ne^  for  accelerating  beams  in  the  IRISTAN-II 
rings,  the  linac  will  undergo  an  energy  upgrade  [3],  starting 

*T>lk  ptCMnled  at  the  1993  Particle  Accelerator  Conference.  May 
17  -  20,  1993.  Washington.  D.(\.  II..S.A. 


LER 

HER 

unit 

Energy 

3.5 

8.0 

GeV 

Circumference 

3018 

3018 

m 

Tune  shifts  (x/y) 

0.05  /  0.05 

0.05  /  0.05 

Beta  at  IP  (x/y) 

1.0  /  0.01 

1.0  /  0.01 

m 

Beam  cumnt 

0.52 

0.22 

A 

Energy  spread 

0.078 

0.073 

% 

Bunch  length  (lo) 

5 

5 

mm 

Bunch  spacing 

3.0 

3.0 

m 

Bunch  population 

3.3 

1 .4 

10*0 

Emittance  (x/y) 

19  /  0.19 

19  /  0.19 

nm.rad 

Synchrotron  tune 

0.014 

0.070 

Betatron  tune 

-  43 

-  39 

Energy  loss  /  turn 

0.84 

4.1 

MeV 

Mmnentum 

compaction 

2.0x10"^ 

1.0x10-3 

RF  voltage 

4.4 

47 

MV 

RF  frequency 

508 

508 

MHz 

Energy  damping 
decrement 

2.4x10-4 

5.1x10-4 

Bending  radius 

16.2 

01  % 

m 

Length  of  bend 
macnet 

0.85 

7  I  >,7 

2.56 

m 

Table  1.  Parameters  of  TRlSTAN-11  B  factory 

1994  . 

The  upgrade  involves  replacement  of  existing  30  MW 
klystrons  with  60  MW  types  aid  installation  of  SLAC-style 
pulse  compresskm  systems  (SLED)  which  will  amplify  (he 
accelerating  power.  It  will  increase  the  accelerating  gradient 
from  9  MeV/m  to  25  MeV/m.  With  a  modest  extension  of 
accelerating  structures,  (he  total  energy  of  8  GeV  for  electrons 
will  be  achieved.  The  positron  target  will  be  relocated  so  that 
the  positrons  will  be  produced  by  4  GeV  electrons,  resulting 
in  a  factor  20  increase  of  positron  intensity  to  3.2x  10^  / 
pulse. 

To  provide  beams  to  the  TRISTAN-II  with  improved 
stability  and  good  optical  matching,  enhanced  beam 
diagnostic  tools  and  improved  liming  control  systems  will  be 
built  and  implemenied. 

C.  Ring  Lattice 

An  important  consideration  in  the  lattice  design  is  to 
maintain  a  sufficiently  large  dynamic  aperture.  This  is  to 
eliminate  the  need  to  alter  the  o^ics  during  injection,  and  to 
ertxain  a  long  beam  lifetime  during  collisions.  The  very  small 
P*  would  create  a  large  chromaticity  which  needs  to  be 
compensated  without  much  compromising  the  opersdrility  of 
(he  ring.  Our  choice  is  a  non-interleaved  sextupole  schme 
f4),  where  each  pair  of  sextupole  magnets  is  placed  it  apart, 
'llie  cancellation  of  geometric  aberrations  helps  mainiain  a 
dynamic  aperture  with  a  good  margin  for  the  injection  lime . 

Another  ingredient  in  our  lattice  design  is  the  use  of  a 
low  momentum  compaction  of  "  2.4  x  10  ^  at  LER  (factor 
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IM  ndaeiioBX  Wd  potsiMy.  ai  HER.  This  dlows  to  lower 
the  RF  voliate  Ve,  wMoitt  tacreasini  the  beach  kagih.  b 
helpe  to  ndooe  ooefded-<buadi  iasiabilitks,  particalariy  the 

Ve^f  detailed  simulation  work  is  under  way  to  evaluaie 
tteiiagcliaiactesiitics  in  the  presence  <rf  various  constractioo 
amrs.  ^(wdficatkHi  on  beam  poaitioe  monitors  for  dosed 
orbit  coneedaos,  optica  stud^  and  beam-based  magnet 
aUgnment  is  examined,  OurestiBMitionscrfdynaniicapcrtafes 
m^iiy  rely  on  the  SAD  code  uMch  has  been  devdoped  at 
KEK  [S].  Tests  to  eiqdore  its  validity  have  been  repeated  in 
the  machine  stndy  time  at  TRISTAN  [6]  and  will  continue. 

The  non-interleaved  sexuqxde  lattioe  wiO  be  tested  at  dm 
TRISTAN  MR  in  the  foU  of  1993.  This  wiU  be  done  by 
tmnporarily  rewiring  power-son>ly  connections  of  the 
existing  sextiq)oles. 

D.RF  System 

The  RF  system  at  TRISTAN-n  must  be  carefully  built 
to  reduce  the  growth  ntte  of  transverse  and  longitudinal 
coupled-bunch  instabUides,  where  there  are  two  types:  (1) 
bigher-order-mode  (HOM)  coupling  (transverse 
longitudinal)  and  (2)  fundiunental  /  accelerating  mode 
oouiding  (longitudinal). 

Superconducting  cavides  tbeotedcally  d'fer  a  good 
sdudon  to  both  of  these.  Up  to  28  cavities  have  been 
operated  at  maximum  Adds  of  7  Me  V/m  for  12  mA  beams  at 
IIUSTAN  MR.  For  TRISTAN-II  a  new  aluminum  test 
model  has  been  designed  and  built  [7].  The  cold  test  has 
shown  good  results.  A  foil-size  Nb  model  has  been  teooidy 
con^deted.  In  die  inidd  cooling  test  an  accelerating  gradioit 
of  10  MV/m  was  obtained  with  Q  >  10^.  The  studies  on 
HOM  absorfong  materials  are  also  on-going.  The  IB-400 
ferrite  made  by  TDK  Co.  Ltd.  is  currondy  tested  in  various 
aspects  such  as  outgassing  rates,  mechanical  characterisdes 
a^  capdnlides  to  handle  high  RF  powers. 

To  acquire  foil  confidence  over  the  siqioconducting 
cavity  tecimoiQgy,  we  feel  it  is  iaqrartant  to  exercise  dimn  in 
actual  beam  environments.  While  we  plan  some  beam 
experiments  at  die  prment  TRISTAN  tings  in  the  near  future, 
the  oooqdeie  find  design  may  have  to  wdt  for  experiences  at 
red-life  TRISTAN-II.  ThereftMe,  our  strategy  is  to  sufqiort 
the  inidd  nms  of  TRISTAN-n  with  normd  conducting  RF 
cavides.  A  camSdate  design  is  based  on  the  danqied  cavity  idea 
[8],udiiGhwasoiigindlyprop06edbyPalmer[9].11iefitst2- 
cell  prototype  cavity  has  been  oonqdeied  and  a  low-power  test 
is  under  way  with  and  without  RF  absorbres.  Measured 
damping  of  TMllO  and  TMOll  modes  agrees  with 
expectadons.  High  power  testmg  is  planned  later  this  year. 

Another  Idea  of  HOM  damping  (Cbdre-mode  cavity) 
came  out  through  efforts  on  the  linear  odliderR&D,  wlfidi 
also  need  to  ded  with  mutd-bunches  [101.  Itisequqipedwidi 
a  “choke”  structme  wUdi  trqis  the  RF  fundamental  mode, 
widle  die  H(Xd  onqioneats  me  allowed  to  esciqie  radially 
towards  outside  the  acoeletding  region.  A  odd  test  has  shown 
good  HOM  damping  characteristics. 

Beam  tests  of  those  cavides  (both  normd-  and 
superoonductii^  are  scheduled  for  1995  at  the  TRISTAN  AR. 
Exiadi^  hardware  in  the  RF  section  will  be  replaced  by  test 
modules.  A  high  beam  current  of  SOO  mA  will  be  stored  in 
the  ring  by  fil^  128  bunches  at  3.:  leV.  It  is  anticipated 
that  normd-coodncdng  cavities  al!  v  to  l»ing  the  growth 


rates  of  HOM  instahilities  in  dm  range  dmt  can  be  controlled 
by  using  bunch  feedback  systems  hi  the  Phase-I  opendon. 
Cto  plim  is  to  micourage  effosa  on  different  cav^  ideas 
shnultaneously  and  to  make  the  final  decision  on  the  nor—** 
conducting  ty^cavhy  within  two  yeara  Component  testing 
of  the  bunch-io-buncfa  feedback  is  also  presendy  under  way 
[13].  The  fidl  system  wiB  be  exercised  daring  the  l^b-currem 
ARran. 

When  the  commissioning  and  opmatkm  of  the 
TRISTAN-II  progresses,  the  beam  intensity  will  be 
continually  increased.  Eventually  the  fundameatd  mode 
instabilities  will  became  hriolerabk.  At  that  thne  a  transidoo 
to  the  sqieicondocdng  cavities  will  be  made.  Yet  another  new 
idea  which  came  out  recendy  is  to  build  a  Imge  eaeiffy  storage 
cavity  and  attadi  it  to  the  accelerating  (normal  conducting) 
cavity  [1 1].  It  will  increase  the  Q  vrine  and  reduce  the  cavhy 
de-tuning  frequoicy.  The  overall  system  can  act  like  a 
siqierconducting  cavity.  Pilot  studies  on  this  possibility  are 
abo  b^inning  [12]. 

E.  Interaction  Region 

'  During  the  injection  time,  because  oi  the  large  beam 
emittance,  it  is  preferred  to  introduce  a  finite  crossing  angte  to 
reduce  parasitic  crossing  beam-beam  dfects.  Howevm,alafge 
crossing  angle  could  lead  to  excitations  of  syndm-beta 
resonance  during  the  collision  time  [14]. 

Our  present  choice  is  driven  by  the  desire  to  satisfy  those 
conflicting  requirements,  with  emphasis  on  the  initial-stage 
runs  where  the  bunch  ^pacing  is  relatively  Imge  (3  m).  We 
have  adopted  a  beam  separation  scheme  ba^  on  a 
combination  of  a  small  crossing  angle  fiialf  crossmg  angle  Oc 
c  2.8  mrad)  at  die  collision  point  and  a  pair  of  sqxiradao 
bend  magnets  which  are  supmconducting  [IS].  The  fiiud 
focusing  is  obtained  with  superconducting  final  qnadnqMde 
magnets  which  are  housed  in  the  same  cryostat  enclosure  as 
the  sepmadon  bends  [16]. 

This  design  allows  certain  Qexihility  to  alter  the  crossing 
angle  up  to  6  -  7  mrad  without  a  major  bemn-line 
recoamruedon,  when  the  bunch  spoch^  is  made  smaller  in 
the  future.  At  that  time,  a  Grab  crosring  sdieme  may  be 
required.  The  beam  line  q»ce  for  Cnri)  RF  cavides  wiU  be  set 
aside  and  the  Grab  R&D  efforts  will  be  oondnued  [17]. 

Our  current  discussions  are  centered  on  decnfed  planning 
of  the  mechanical  construction  and  evafoadons  of  interface 
and  interference  with  the  ejqieiimental  duality. 

F.  Other  Activities 

The  vacuum  system  to  achieve  1()~^  Tmr  throughout 
the  ring  under  the  strong  synchrotron  radiadon  power  iq>  to 
10  kWhn  will  use  copper  as  the  chamber  material  [18].  The 
time  prtrfile  of  vacuum  baking  process  has  been  estimated  and 
the  predictions  tqipem  promising.  Assuming  the  presence  of 
1(X)  Us  NEC  vacuum  pump,  the  vacuum  pressure  distribution 
has  been  simulated  for  a  proposed  beam-line  layout  A  trial 
model  (3.7  m  long)  of  the  foU-size  OPC  vacuum  chamber 
(although  straight)  has  been  built  Studies  to  improve  the 
surfece  treatment  process  are  under  wity. 

Ground  motions  over  short  (10  ms)  and  long  time  (days) 
period  have  been  monitored  in  the  TRISTAN  tunnel  [19].  It 
appears  that  the  srismic  vibrations  in  the  10  - 100  Hz  range 
is  sufficiendy  small  (the  vibration  amplitude  is  about  1  pm 
at  1  Hz)  so  that  their  effects  on  the  beam  tuning  is 
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Aiwcwvtiirid-iennQKwn)  to  tong  terai  (weeks) 
grooBd  motkMi  of  an  older  of  100  -  2fl0  (un  has  bees 
Obaened.  It  is  Hktfy  dae  to  the  tidal  wawe,  but  it  is  idso 
BdWy  oonelaied  with  the  weather.  This  could  cause  a 
problem  for  the  tuoiag  suddHty  of  the  rteg.  Some  ktiid  of 
foedmcfc  may  need  to  be  developed  umg  signals  fitom 
hydrostatic  kvding  systems. 

G.  Outlook 

We  are  hofdng  to  obtahi  a  governmmit  gnmt  (rf  the 
TRISTAN-n  this  yem,  wUch  would  allow  us  to  begin 
oonstnictkn  ht  the  Japanese  fiscal  year  of  1994  (to  start 
1994).  If  this  turns  out  to  be  the  case,  the  accelerator  will  be 
commissioned  sometime  in  1998.  Detailed  schedules  on  the 
transition  fiom  the  present  TRISTAN  configuratkHi  to  the 
TRISTAN-n,  machine  study  programs,  and  the  detector  de- 
commissiooiiv  /oonunissionhig  ate  be^  woiiced  out 

m.  JAPAN  LINEAR  CX)LLIDER  (JLC) 

A.  Overview 

Our  motivation  stems  Cnmi  the  notion  that  it  is  a 
sensiUe  thing  to  start  the  next-generation  election  -  positron 
linear  collider  fiom  the  eneigy  range  near  Ecm  =  ^  GoW 

with  the  luminosity  10^^  -  10^^  cm"2s“l  [20].  The  first 
primary  physics  target  is  a  detailed  study  on  productioos  and 
decays  of  die  (yet  to  be  discovered)  top  quark.  A  seardi  for 
light  Higgs  mesons,  which  are  strongly  suggested  by  SUSY- 
based  Grand  Unified  Theories  (GUI),  is  another  important 
mmio.  We  also  believe  that  the  construction  of  a  linear 
collider  of  this  energy  range  will  give  us  important 
experknces  to  help  devdop  even  higher  metgy  linear  colliders 
in  the  distant  fimve. 

Pioneeting  work  has  beoi  done  cm  the  nature  of  beam 
interactions  to  occur  at  the  coUiskn  point  [21].  Theoretical 
studies  on  the  final  focusitig  optics  [21],  beam  dynamics  in 
the  Knear  accelerator  [23],  and  simidatiaos  of  badcgroimds  to 
theexperimenial  facility  I2k]  firilowed. 

Bdensive  worit  has  been  done  to  search  for  good  madiine 
paruneters  to  use  for  the  JLC  [20].  The  parameter  set  for  the 
X-txmd  (11.424  GHz)  linac  case  is  shown  in  TaMe  2. 

The  current  migm  R&D  activities  at  KEK  include 
awstnictioo  efforts  of  the  Accelerator  Test  Facility  (ATF), 
participtu^  in  the  Final  Focus  Test  Beam  at  SLAC,  R&D 
on  the  RF  power  source,  aoceterating  strocmres  and  odiers 

B.  Accelerator  Test  Facility  (ATF) 

The  eventmd  goal  of  KEK  ATF  is  to  dmnonstrate  ultra- 
low  emittance  (flat  beam,  yEj/yex  ~  5xlO~^/SxlO~^  radm), 
lequiied  for  future  linear  otdlid^  for  a  train  of  bimcfaes  (iq> 
to  20  bunches  per  train)  at  1.S4  GeV  [2S].  The  beam  energy 
is  somewhat  smaller  thtn  what  we  amic^ate  for  the  real-life 
JLC,  due  to  die  constraints  ci  the  size  of  the  available 
eiqierimental  bafl.  However,  many  parameters  have  been 
chosen  so  as  to  fidlow  the  JLC  configuradon. 

The  planned  ATF  consists  Ot  muld-boncfa  electnm  guns, 
a  buncher  system,  the  beam  transport  line,  a  1.S4  GeV  test 
danq^ig  ring,  a  bundi  and  the  emittance 

Creation  of  muld-bunches  is  the  very  first  step  in 
buiidng  the  basis  of  the  next  linear  collider.  As  the  most 


1  PMmietcr 

unit  1 

Beanmwgy 

E 

ISO 

2S0 

GeV 

PsftielM/  bunch 

N 

0.7 

0.7 

io‘o 

Banche»/pube 

Nb 

90 

90 

Rep.  fieqneacy 

fnp 

ISO 

ISO 

Hz 

Bnoch  length 

8S 

67 

Acod.  gradient 

Go 

40 

40 

MeV/m 

Active  linac  length 

Lgg 

S.O 

8.S 

km 

Me  radina/wavelei^lh 

a/k 

0.18 

0.18 

Filling  time 

7S 

7S 

ni 

Total  avenge  power  into 
cavitiet 

11 

20 

MW 

Total  wall-plvg  power 

7S 

13S 

MW 

Peak  power  /  cavity 

SO 

SO 

MW 

NormaHred  damping 

IFx 

3000 

3000 

nmjrad 

ring  emittance 

30 

30 

nmrad 

fCy 

Bela*atnP 

fix 

10 

10 

mm 

fiy 

Ox 

100 

100 

pm 

BeamrizeatlP 

33S 

260 

nm 

3.92 

3.04 

nm 

oy 

CroMing  angle 

9.0 

7.2 

mrad 

Beam  diagonal  angle 

oj/Oi 

4.0 

3.9 

mrad 

Difrvption  parameter 

Dx 

0.09 

0.007 

Dy 

7.7 

6.0 

#  of  heamalrahhing 
(BSM)  photons 

ny 

0.8 

0.9S 

Maximum  upeilon 

O.IS 

0.39 

Energy  loss  by  BSM 

Jbs 

1.8 

4.S 

% 

Geometrical  luminosity 

0.63 

0.70 

reduction  factor 

Pinch  enbanconent 

Hd 

1.71 

1.72 

Luminosity 

L 

3.S 

6.3 

1033 

/cm^/s 

TaMe  2.  The  parameter  set  for  the  JLC-L  based  on 
X-bend  Bnear  accelerators  (Pammelers  with  S- and 
C-band  cases  dso  exist  [20]). 


orthodox  approadi  a  tfaeimiootc  gun  driven  by  a  grid  pulsar 
for  muld-buncb  beam  generation  has  been  developed  [26]. 
The  second  approach,  which  may  eventually  take  over  for  die 
teal-Ufe  JLC,  is  the  RF-gun  technology.  By  fladiing  the  Sb- 
Cs  target  with  a  YAG  laser  light  (O.IS  mJ,  S32  nm), 
synchronized  to  a  S-band  RF,  electroo  population  of 
2.3x10^®  has  been  obtained  [27].  Also  pMari^  election 
guns  have  been  devefoped  in  cMlaboradoo  with  a  group  fiom 
Nagoya  Univeisity  [28] 

The  1.34  GeV  iigector  linac  at  ATF  will  use  S-band  RF. 
New  S-band  klystrons  have  been  devdoped  wMch  ouqwts  83 
MW  peak  power  for  4.3  ps  hng  poises  (100  MW  for  1  ps). 
To  deliver  the  reqoiied  accderadng  fidd  <rf  33  MeV/in  (dus 
comes  fiom  the  site  constiainB,  a  dual-iris  SLED  cavity  has 
been  developed.  A  stable  peak  SLED  oi^iot  (rf  380  MW  hm 
been  achieved  for  an  iiqmt  power  80  MW  with  4.3  ps 
pulse  width  [29].  An  R&D  on  RF  windows  has  been  carried 
out  with  a  resonant  ring,  which  has  been  ^edficaDy  built  for 
this  purpose.  By  a  car^  selection  <rf  raw  alumina,  smtering 
binders  and  by  using  the  hot  isostatic  piessii^  method,  it  has 
been  shown  that  alumina  windows  could  be  built  to  survive 
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M  to  310  MW  of  S4MBd  RF  power  The  eaike  1.34 
W  Mmc  will  be  oompleied  evly  1994. 

Penuneters  for  tbe  ATF  tesf  daiaping  tint  are 
•MBaaeiiaiM  M  (te  tabk  be^. 


Unit 

Bean  energy 

1.54 

GAT 

Repedlion  rale 

25 

Hz 

Oicuintaence 

138.6 

m 

Hammac  number 

330 

t  of  buneb  trains 

5 

#  of  braches  /  traiii 

20 

#  of  particles  /  bunch 

(1  -.3)xl0*® 

Energy  loss  /  turn 

0.173 

MeV 

#  of  FoBo  cells 

36 

Longitudinal  Impedance 
.  threshold 

0.30 

D 

Bending  field  strength 

0.896 

T 

Momentum  compaction 

1.97x10-3 

Natural  emittance 

1.34x10-® 

rad.m 

Wiggler  pitch 

40 

cm 

Damidng  time  (x  /  y  /  s) 

6.32  /  8.26  /  4.88 

ms 

Tune(x/y) 

16.2  /  8.3 

Wiggler  field  strength 

1.88 

T 

RF  frequency 

714 

MHz 

#  of  cavity  cells 

4+1 

Bunch  length 

4.73 

mm 

RF  voltage 

0.77 

MV 

Energy  spread 

0.0773 

% 

Touchek  lifetime 

89 

iS 

EmittaDce  with  inira-beam 

4.47x10-* 

radjn 

(x/y) 

4.47x10-* 

iad.m 

Phase  advance/cell  (x  /  y) 

140/52 

deg. 

Damping  partition  number 

1.3068  /  1.000  / 

jiimi _ 

1.6932 

Table  3.  Parameters  of  the  ATF  test  damptitg  ring. 


The  ofNics  of  die  ATF  dancing  ring  uses  an  FoBo  lattice 
where  die  horizontal  defocusing  is  provided  by  crenbined 
function  bend  magnets.  This  lattice  creates  a  low  dispersion 
with  lelativeiy  wedt  bend  fields,  and  it  helps  tu  reach  a  low 
beam  emittairee.  To  control  the  damping  time,  wiggler 
magnets  (21  m  long)  are  introduced  in  tbe  straight  secdrni 
where  dispersion  is  absent.  Allowed  magnet  construcdoo 
errors  and  alignment  errors  have  been  evatuated.  Themagnet 
support  system  with  3  pm  accuracy  with  five  degrees 
fieedom  has  been  developed,  and  it  is  curiendy  tested. 

The  vacuum  chamber  design  has  been  refined  to  reduce 
the  hnpedance  of  the  entire  vacuum  system,  including  the 
beam  diagnostic  devices.  Synchrotron  photon  absorbers  are 
anai^ed  so  that  they  are  not  directly  seen  by  the  beam.  The 
design  value  of  longitudinal  impedance  of  -  0.1  il  iqipears 
possible  [31]. 

Beam  extraction  fiom  tbe  damping  rii%  will  be  done  widi 
a  pair  (rf  two  kicker  magnets  that  are  placed  180  degrees  iqiart 
in  phase  advance  [32].  This  should  reduce  extraction  orbit 
errors  significantly.  A  detailed  simulation  woik  on  the  bunch 
cranpiessor  is  in  progress,  taking  into  account  tbe  effects  of 
the  beam  loading  due  to  the  multi-bunch  nature  of  the  beam 
[33].  The  piesmit  design  will  occupy  about  40  m  of  length.  It 
is  expected  to  compress  the  bunch  length  by  a  factor  1/10. 


Development  efforts  are  being  made  on  beam 
instnnncQUttiioo  devices  such  as  wire  scanners,  beam  profrie 
raoBhars.  fast  signal  prooessmg  elechonics.  beam  poshion 
monitms  [34].  The  wtoe  scanner  and  a  few  othn  new 
instruments  have  been  tested  earlier  this  yew  in  oollaboraiioo 
with  a  groiqi  from  Tohoku  University,  usmg  Oefr  electron 
linac  Cadli^.  Syndnoiroa  radiatioo  monitor  to  use  at  the 
dwnping  rh^  will  be  devdoped  with  a  group  at  Insthute  for 
hfoclew  Stndy,  University  of  Tokyo. 

Detailed  EGS  simulations  and  heat  calculatiaBs  on  the 
positron  production  target  has  been  on-going  [33].  A 
prototype  is  fdanned  to  me  1.34  GeV  elecdons  from  tbe  ATF 
linac. 

C.  Participation  in  Final  Focus  Test  Beam  (FFTB)  at  SLAC 

As  part  of  the  U.S.-Japao  coOabotatioo  program  in  High 
Energy  Physics,  KEK  has  beoi  part  of  the  Fmal  Focus  Test 
Beam  (FFIB)  collaboration  bs^  at  SLAC.  Tbe  goal  of 
FFTB  is  to  exfrioit  the  high  enwgy  (47  (jeV)  low  emittance 
beam  available  at  SLC,  and  explore  the  feasibility  of 
extremely  tight  focusing  at  tbe  interaction  pc^  requir^  at 
future  liiiew  colliders.  The  beam  commissioning  has  recently 
started.  A  bulk  beam  time  is  scheduled  for  summer  this 
year. 

At  the  early  stage  of  the  project,  physicists  from  KEK 
participated  in  the  optical  design  and  error  analyses  in  the 
FFTB  beam  line  [36].  Later,  KEK  has  taken  the 
reqxmsiMlity  for  fabricating  the  doublet  of  small-bore  (13  - 
20  mm  diamder)  normal  conducting  final  quadrupole  magnets 
[37].  While  those  magnets  have  to  create  140  ~  180  Thn  field 
gradient  over  up  to  1.1  m  of  length,  the  higher-pole  fieM 
components  must  be  less  than  0.01  %  for  sexu^les  and 
below  0.1  %  for  octupoles.  The  fabrication  accuracy, 
presendy  possible  at  2  >  3  fim,  allows  to  satisfy  tbe  octupole 
requirement,  but  it  is  not  suffident  for  the  sextupoie  etrots. 
Ranainmg  errors  will  be  corrected  by  using  trim  windings. 

The  suppcM  Systran  of  tbe  magnets  has  an  adjustable 
table  whidi  is  driven  by  high-power  stepinng  motms  and 
Piezo-electric  devices.  Position  controls  with  the  full  six 
degrees  of  freedom  are  featured.  Tbe  magnet  position  will  be 
monitored  with  a  laser  interferometer  and  mictD-sensors.  Tbe 
fabrkwion  of  magnets  has  been  finished  eariier  this  yew,  widi 
comfriete  magnet  measurements.  They  have  been  delivered  to 
SLAC  and  the  installation  in  tbe  beam  line  has  berai  recendy 
conqileted. 

A  novel  idea  on  measuring  the  small  beam  spot 
parameters  at  tbe  beam  focal  point  has  been  prr^iosed  by  a 
physicist  at  KEK  [38].  It  utili^  an  interference  pattern  o^ 
two  laser  beams  as  a  fine  strip  target  to  place  at  the  beam 
focal  point.  The  laser  photons  interact  with  die  beam  tbrougt 
(Tran^n  scattering  process.  Beam  spot  size  parameters  are 
dedu^  by  knowing  the  widdi  of  die  laser  interference  pattern 
and  by  measuring  the  modulation  of  the  rate  of  Compton- 
scattered  photons.  The  monitor  based  on  this  concept  is 
presendy  under  construction.  Creation  of  laser  interference 
pattern  has  been  confirmed.  It  will  be  installed  at  the  FFTB 
ewiy  summer  this  year,  and  will  be  tested. 

D.  RF  Power  Source  Research  and  Development 

Tbe  linew  accelerator  at  JLC  will  be  based  on  some  sort 
of  disk-loaded  accelerating  structure  driven  by  high  power  RF 
klystrons.  From  the  wall-plug  power  efficiency  point  of 


V.  REFERENCES 


Rl»  aAipMIliM  we  •  14|iKr  iU’ 
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Pf).  ^  0M  X4in(i  bitt  woe  30  MW  dm  XB- 

SSIL  Wl^  bdMs.  Std^  w«fe  mde  oa  bigb-voittte 
tdMwicii  <rf  electron  few  and  Uyitroa  wbodows.  After 
•cUnviiit  «p  to  26  MW  00^  polror.’ eflbm  wen  dtiffted  to 
ftie  XB>72lC  Mries  Idystnae  (lOOMW  dau).  The  ntaylnuai 
on^ntjaNer  of  79  MW  fin  been  adneved  for  SO  as  pifteea. 
The  peak  dectraa  vokate  is  600  kV  [40].  Wiib  im^ved 
higb  vokate  peifoiiBanro  of  the  ootpot  window,  we  hopt  to 
raise  the  oal|^  power  to  100  MW  or  man.  Possfole  use  of 
soperoondnctint  coifo  Ibr  the  beam  fbcndaf  in  (he  klystrons 
is  contmaplalBd. 

The  first  hi(b  gndieat  tests  of  aooeleiatiag  slnictnres 
wen  coodncted  at  S-bnndly  combining  the  RFpowtf  from 
t^  klystrons  (toml  160  MW)  on  a  60  cm  stnictnn.  An 
average  accelerating  field  of  91  MV/lm  was  achieved  [41). 
Sbbseqoent  studies  have  been made  on  20  cm  traveling  wave 
stractues  at  X'band  with  100  ns  poises  from  an  XBSOK 
UystrooL  Dark  cmnnts  and  conditioning  dmeacteristics  wen 
stadkd.  The  avenge  aoodemifog  gnfient  nadted  68  MVAn  in 
nms  over  600  hoim  for  one  structme  sanqrte,  and  8S  MVfrn 
(liBBiied  by  the  klystrao)  within  SO  hours  for  another.  Efforts 
an  being  made  to  inqmve  the  fdbricatum  process  sudi  as 
maddnfatg  accuracy  arid  btaang  [421. 

At  JLC  when  molti-buoch  trains  an  accderated,  it  is 
essemim  to  reduce  the  effects  doe  to  higher  order  mode  fidds 
within  the  acceleniingsttuctun.  Studies  on  die  damped  aaode 
cavfty,  choke-mode  cavity  and  a  detmaed  stroctun  an  in 
progress  [43.  IQ].  Hiie  fabrication  ttf  X-bend  structures  is 
bei^  studied  to  achieve  alignmmit  of  cells  within  a  few 
mkrans,  and  to  elhninatB  need  fra  tuning  after  the  brazfog.  A 
mohi-cdl  diOke  mode  cavity  is  being  designed  to  prove  the 
high  power  operation  at  S-band. 

Review  work  (rf  the  JLC  poranietets  in  the  past  year  has 
shown  that  a  Ihtear  ooDider  at  300  -  SOO  GeV  EcM  could  be 
also  deatgned  usiitg  C-band  (S.712  GHz)  tmd  S-b^  (2.8S6 
GHz)  ihiacs  [20].  It  appears  possible  to  expand  them  in  a 
higher  energy  range.  Ai  the  present  stage  we  defer  final 
d^sion  on  the  RF  frequency,  and  we  wiD  let  devehqxneiu 
efforts  on  those  possibifities  aoss-fertilize. 

E.  Outlook 

The  immediate  goal  of  the  JLC  devdopment  group  is  to 
construct  the  ATF  and  demonstrate  the  feasibility  of  multi- 
bunch  flat  beam  with  adequately  low  emittaice.  Devetopment 
effbtts  on  the  RF  power  source  and  accelerating  structme, 
studies  on  beam  dynamics  and  odlimation.  refinement  of  the 
final  focus  optics  and  overall  system  design  will  contiaue. 
Daring  this  process  various  technical  possibilities  will  be 
sotted  out  We  hope  to  submit  a  tedmical  design  proposal  of 
the  JLC  in  1996 -97. 
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LHC  PROGRESS  AND  STATUS 


Tte  UiC  Madune  Ototq;)  rqxxted  by  G.  &ianti 
CXRN,  Eaqsean  Otfuiisiikm  fo  Nuclear 
1211  >  Geneva  23.  Switzerland 


^fcarner 
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m  tM  LBP  iBBMri  nr  high  energy  pp.  Pb  ions  end  ep 
cottWoae,  An  owecril  auddae  optefaniifln.  iachidiag  a 
new  laaioe  iBMgMnent  wd  Ml  incraaed  dIpolD  ipcrtne  (56 
flM/g  Win  w  pMMHL  I  aB  iBcraMQ  cMi|jr  ■>  0610  noo 
isCOjlTeV/T).  Reoent  leadti  Ann  a  Magnet  node!  widi 
iadaMriatty  coils  iiimahhKl  at  CERN  nached 

lOT  with  a  limbed  ttaiaiag  aad  ahimatdy  attained 
103  T.  deniHHlnihv  ihM  epentkmd  fields  ia  excess  of 
9  T  can  be  obedsed. 

Reaalts^rom  previoos  modeb  aad  a  10  ai>loog 
pmolype  win  be  ghrca.  bloMl  seven  of  these  praiotypes 
are  bc^  constructed  by  indnatry.  In  December  1991.  the 
CERN  Cffvr**  ansidnMwsty  w^yecd  a  lesolotion 
dMt  dw  UlC  is  dm  right  nnchine  far  the  fatme  of  CERN 
aad  wqaeatiBg  a  fhad  proposal  ia  1993.  which  is  betag 
scdvebr  prepared  sad  is  sasaMiaed  in  this  report. 

1.  INTRODUCTION 

The  general  desigB  of  the  collider,  which  essentially 
**********  1?^  a  "*g  Hgh-f*f H  TapwriHwhift*ffg  msgoftt  tff 
be  installed  above  LEP  in  the  27  km  tmmd.  was  described 
in  dm  last  IneeiaMionsI  Coafareaoe  hi  Hambargll].  A 
Design  Stad^  (2|  wm  phUiahed  ia  May.  1991. 

The  amgasM  are  of  the  ao^aUed  Two>bHam' strtKtare. 
namely  iactaporatiag  two  beam  chaaaels  ia  the  same 
mnchinicsl  mmctnre  and  crynsmt  (  Pig.  1). 

SQCR  m  UKUfpCOC  OniCtUPt  00060  10  L£r  COB  pPOVlde 

ihne  Qfpes  of  conslans.  aamdy  proKaHiroha^  he^  ioos 
(FbPb)  and  dectran-proloB  by  Gobdiag  the  IJBP  electran 
beam  widi  one  of  the  proton  beams. 


The  aeost  importam  parameters  of  there  ooUisions  are 
given  faiTaUe  1. 

Emphasis  is  pot  on  lomamrity  siace  the  pohit-lim 
aatare  ct  QaarimpHrii  iatersctiOBs  ««»»pUf  thM  fae  cion 
aectham  decnare  as  fae  cdlisiaa  energy  E  mcreases.  To 
maiataia  equally  effective  physics  prograauaes.  the 
tamdnosiqf  should  increase  as  E^.  and  thus,  to  explore  fare 
processes  such  as  Higgs  -»  2Z  4  p.  the  LHC  is 
designed  to  provide  haniaosities  ia  excenof  lO^cm'Vl. 


Fig.1  FBrq)ectiveviewofa'twD>hi-ooe'dqx)le 


Table  1 :  LHC  Main  PMsmeters 
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a.  INJICTOtS 


coawenk*  of  LHC  and  LEP  into  m  ei>  coUider.  The 
ooattraiMi  Q»  dK  coaqMdbili^  of  ifce  t«M>  anchiMs  hae 
heeavedpoed  wUiihe  dedidoB  dMt  LEP  wU  he  ttoived  « 
MeVcoHiderbeloeBLHt  ifhMailed;  dKe^oeOWaac 
wiUMyway  leqmpeaieamwfBaientof  bodiLHCidLEP 

11M  LHC  hiik»  is.  Its  LEP.  MMde  of  16  halfwxiHis 
0*001 1.7  kai  hag)  hi  addcfa  oae  fhids  saoMHiweijr  dw  24 
vQldhr  latf >0001  of  *e  SR.  the  4  pseodo-half  0^  of  dK 
rtigimifTT*  *iifr"***"**  ****  the  loi^  wr-thw 

octaai  has  heea  aepMiSBly  eqoiiiiied  whk  is  oaai  Gtyofcaic 
plant,  its  own  power  converter  act.  etc.  ao  that  it  can  be 

Two  of  the  etibt  lo^  siiai|ht  aectiont  have  been 
leaerved  for  the  laachine:  SSS  for  beam  doaqdag  and  SS3 
for  bram  rlnaaiac  FouratraigiitaectiaaswiEbeeiiB^iped 
with  low-beta  insertions:  SSI  and  SS2  leaerved  for  hirie 
LHC  experiesenu.  the  injection  of  the  dockwtse 
circalating  bean  is  in  SSI;  SS4  (or  6)  for  ions  coEisions 
and  SSS  where  the  injenkn  of  die  snti«lodcwiae  dicolai^ 
iag  beam  will  be  made  m  a  doomed  low-beta.  The  two 
remaining  straight  sections.  SS6  and  SS7.  am  kei^  in 
reserve  as  pom^  alternatives  or  for  not  yet  specified 
iqiplicatfons  (B-physics  or  gas-jet  experiiaetts).  This 
bq^isdmailedinPig.  3. 


Fig.2.  TKeUiCii^ectioncoanf^ 

The  nomniat  high  hanuKMitjropetatioo  rmpdire  two 
Booster  eycles  to  fill  foe  PS  cmmmfereace.  anfo  foe 
injected  beam  first  accelBtaied  by  foe  existing  HP  system 
on  b  a  8.  debonched  and  lecaptn^  by  a  new  40  MHx  RF 
system,  to  form  a  bonch  train  with  23  ns  bunch  spacing. 
Hie  buKhes  are  then  compressed  usmg  an  SO  MHx  system 
and  tiansfcned  to  foe  SPS.  Three  s^  bunch  trains  are 
captured  in  foe  SPS  and  conqaessed  to  fit  iBto  foe  standard 
200  Ifflz  buckett  by  a  new  80  MHz  system,  accelerated  to 
430  QeV  and  family  tiMaferred  mto  thoLHC,  via  two  new 
tnmsfor  lines.  TheMmleoperatiooisrqKatBd  12tune3to 
fiO  foe  entire  LHC  cbcumfoieace. 

ThtNewdneh^mmtsan 

In  the  Umic/Booster  complex  beams  within  10%  of 
the  nominal  parameters  have  been  obtained  afire  the 
inatallation  of  foe  new  RPQ  in  from  of  the  linac.  A  test  of 
die  LHC  pre-ir^ctor.  up  to  PS  extraction  enregy,  using 
peoio^pes  in  a  coofiguratioa  close  to  the  final  version,  is 
scbeduM  Cor  the  e^  of  the  year  1993.  In  the  SPS.  a 
prototype  of  foe  400  MHz  LHC  superconducting  cavities 
wUl  abo  be  inmidled  fob  year  in  order  to  test  the  bunch 
compresskm  technique  which  will  be  required  before 
tran^  of  the  proton  bunches  into  LHC. 

3.  GENERAL  LAYOUT 

The  two  interlaced  LHC  rh^  are  plaoed  1.21  m  above 
foe  LEP  ring.  The  LHC  lattice  most  follow  very  closely 
foe  UP  geooKtry.  in  particular  foe  two  machines  must 
have  the  same  rewohitioa  time  in  order  to  allow  a  later 


Fig.  3  LHC  schematic  layout 
3.1.  The  arc  half-cell 

As  indicated  in  Fig.  4  the  31  m  long  arc  half-cell 
contains  tluee  13,15  m  long  bending  magnets  and  a  6.3  m 
long  short  straight  section.  In  foe  straight  section  are 


,  iMiMk  liw  3jQS  II  Mill  pidl.  a  bsMi  pMitiai 
(pi  tM  conador  pafiMi,  oae  villi  a  coabiMi  #pele 
WilllpQia  oQHadw  ipd  tlM  othai  oim  vHb  a  laafap 
pMkapola  lad  mi  ocMpola  oowaciM.  A  nt  of  natapoli 


the  flald  oran  iMrodacad  by  tbeae 
Tba  cffict  of  dw  Wald  anon 


dipole  apertMB  ftoai  iha  pnvkwi  90  avB  10  Sd  BHB  (iaaer 
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Fig.4  TbeLHChalf-ceU 

(aew  layout  wUh  ibree  loag  dipolea) 

The  nain  magi^  (dqx>le  aad  (padrapole)  of  both 
riaga  are  povared  ia  aeriea,  ooa  aapply  per  iiailf*actaat. 
wl^  the  tuataig  (pauhapolea  allow  an  iadqpeadaat  Gooirol 
of  the  tnae  of  rfaig  over  two  iaMien  ia  both  plaBBS. 

A  bean  acreea  pfaioed  aa  diowa  oa  Fig.  5.  inside  the 
vacuen  chandler  Plows  the  evacuation  of  synchrotron 
ladiatioo  power  at  about  lO^K  rather  than  at  the  1.90K  of 
the  auperwwducting  nagnet  and  vacuum  chamber.  The 
cryopumping  is  still  ensured  by  the  1.9<*K  vacuum 
chandler  throiph  holea  in  the  beam  acaeen.  The  des^  of 
this  screen  has  laiaed  a  number  of  imeresting  problems 
detailed  m  a  coBBpanion  paper  [31. 


StaMeas  Steel 
Ch«nbar1.9K 


3J.  Lew'beta  hmaitleu 

The  low  beta  inacnions  ia  SSI.  2. 4  and  8  oae  two 
uipleis.  The  outer  triplet  nmde  of  two  in  one  tpredrupoles 
tPw  tW^pwwee  fwrr**w”  iTf  1*“*  ■— «*  ***pf*f  In 
between  dmee  triplets  a  set  of  two  sepermor  nngnets  is 
need  to  install  the  two  beanu  ia  the  same  vacuum 
chamber,  so  that  the  inam  trqdet  uses  single  bore 
^jSUdniPQftttl*  low  bottl  ttlipO0OQBdoCOB|f  ^DOdOlpQlBS 

are  enlarged  to  70  nun  qanercSdiMnmrt).  InSSlandZ. 
a  ooUinmor  is  placed  between  the  huenKtion  poimand  the 
qnadrapoles  of  the  tamer  trplet  in  order  to  psoiect  them 
against  die  secondaries  conuag  firom  the  high  btintaiwity 
interactions.  of  |i»»f  pirnectMW  dw  beat  df**"*^ 

in  these  quaiirupDles  is  Pxwt  30  to  40  W  per  quadrapole  at 
luminosities  of  10^  cm'^  r 

During  iajectioo  aad  accdetation  the  low  beta's  are 
detuned  to  values  of  ^  of  15  m.  In  pp  mode  die  low 
beta’s  are  squecMd  in  straight  sections  1  and  2  down  to  0.9 
m.  In  ion  collisions  mode  oidy  SS4  is  aqneeied  to  the 
same  value  of  p*. 

3.4.  Cleaning  insertions 

The  aupereonducting  magnets  worfctap  at  1.!WK  cannot 
stand  the  flux  of  about  id^  protons  per  second  wUcb,  at 
maximum  luminori^,  difWues  toward  the  vacuum  chamber 
due  to  the  scattering  in  the  ctdlistains  and  the  combined 
effect  of  nGn-4laearities  and  power  converter  rqiple.  A 
stu^  of  the  heat  deposition  process  doe  to  these  tosses 
indicaies  that  the  tocalixed  tones  most  be  limited  to  a  few 
10^  protons  per  second  M  high  energy,  while  about  30 
times  more  are  acceptable  at  iajectioo.  The  iBffnsion  of 
particles  most  be  stopped  before  it  reaches  the  sqier* 
conducting  elements;  this  is  achieved  in  a  dethcated 
insertion  placed  in  straight  section  3  and  caBed  the  deaning 
insertion. 

In  this  crossing  point,  the  lattice  is  anranged  so  that  the 
beta  values  (and  therefore  the  phase  advance)  are  the  same 
in  both  planes.  For  each  beam,  a  set  of  four  colltanaiots, 
one  primary  and  three  secondaries  are  installed  between  the 
two  sqiaraior  nugnets  with  the  atan  of  trapping  the  lar:p 
amplitude  particles  aad  absorbing  them  and  their 
secondaries.  The  vmy  high  capture  dfickncyretpesied  is 
achieved  by  insudlii^  the  colUnuiors  very  predady  around 
the  beam  at  amplitudes  not  larger  tium  about  6  o  of  the 
transverse  distribation.  The  tnefficieocy  results  firom  small 
beam  impact  parameters,  alignment  and  mechanicd  errors. 
The  computer  programs  to  simulate  the  clemiing  process, 
including  errors,  are  being  prepared.  The  proper  operation 
of  the  demurs  symem  will  be  part  of  the  leuiaing  process 
during  the  build  up  of  lomtaiosity  dter  runnir^  in. 


3.2.  Olapcrsion  suppressors 

The  (fispersioa  suppressors  are  made  of  4  pseudo  half- 
cells.  One  half-odl  contains  a  shortened  magnet  in  order  to 


3.5.  Beam  dump 

In  various  operation  conditions  it  will  be  necessary  to 
dump  the  beams  under  clean  conditions  so  that  the 
superconducting  elements  are  not  deteriorated.  Also,  a 
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>  A10m>lMgtwiBdi|nle,iiiwUGht«oseaofHERA 
coib  am  tawocpomed  imo  aa  LHC  two^apanure 
atmctam.  waa  iBMd  at  CEA-Saday  bodi  at  4  J  K  and 
atl^K. 

At  4J(  K  it  bakawed  axactly  aa  good  HERA  atngle 
amiMia,  whila  at  1.9  K  k  raacbad  tha  ahort  aan^ 
lleldof  S3TiB  fimgaaocte 
-  Atew  lni4ongaBoddaaf  Adlcraaa>aactlaaieachad 
thak  ahoct-amaple  field  of  ~  8  T  in  two  to  ihiee 
(|Beacheaai4.2K:;  itiey  dao  reached  die  mort  lampir 
field  of  9l8  to  10  T  bat  after  a  loaf  tnUaf  alnwe  9  T. 
TIm  peat  aMgari^  of  the  qpeaelKa  am  kKaiBd  in  the 
aadik  to  paificaiar  ealy  them  tpaachaa  oocar  in  the 
oaaud  part  befiom  the  dhottaaeaplB  field  iamached.  A 
akigle  apaitam  aiapwt  bailt  by  KEK  •  Japaa,  anih 
diftoaat  caMaa,  oolan  and  atael  aamciam  on  the  baaia 
of  dMk  own  daaifiikimw  vairy  aianlar  icanlia  {4]. 

•  ia  all  aavneis  them  ia  no  nga  of  any  negative 
infiBaaoB  of  dw  two^oHne' atractare. 

Them  leaalta  give  confidence  that  final  nutgaeta  operating 
aaiiafiKiaiily  dom  to  the  BMxiaMBB  fidd  of  9.S  T  could  be 
bnilL 

Recea^.  a  new  modd  with  the  aanw  indnatrially  made 
ooilCt  bat  aepacata  ataadaaa  atad  ooUarat  waa  aaaenrided  at 
CERN  and  gave  exodkat  readis.  At  4JKk  reached  the 
ahomaaaqikfiddof8.1  TatihBaecoadqaeacbaadat  1.8 
gnitiiaatelymadted  103T(Pig.ti).  in exoeas of 
10  T  am  readily  obtained  in  correat  operation.  It 
hMorpomaea  exceOant  17  ana-wide  cablea  with  S  pm 
filnn^.  It  ia  believed  that  the  inproved  behavioar  with 
reapect  to  the  pmvhwa  aaodela  ia  doe  to  the  higher 
codpmaaion  on  dm  ooU  obtaiiied  by  dedgn  and  actn^ 

mWW  0  inOlHDDf* 

Seven  10  m-hmg  proiotypea  [5],  all  with  the  sanm  aet 
of  cofia  bot  with  thrm  difliaeot  medianicd  structures  are 
behig  baifc  in  tadnatry.  They  wifi  start  to  be  delivered  to 
CERN  ia  the  second  half  of  1993. 

After  an  individad  test,  fiwr  of  them  will  be  moamed. 
togeOer  wM  a  Idtioe  rpmdtnpole.  to  fona  a  half-cell  for 
rvirnsive  cryogenic  tests. 

The  find  d^iolm  wffl  have  an  inner  coil  diameter  of  36 
mm  and  a  magnetic  length  of  13.13  m.  Mahaainii^  the 
aaam  ahort  aamplr  fidd  of  10  T  woaU  haply  a  somewhat 
hager  odd  aaam  and  ham-beam  distanoe  and  hence  an 
incireaaed  coat.  Therefom.  m  an  dtemative,  we  are 


SaSavei^  ahnflar  to  them  aaed  fv  the  SSC  anch  a 

aa  for  the  30  mm  rgettam,  dm  aaparooMbctar  vohaae 
deeraaam  ooaaidBaidy  and  dm  field  is  ledmed  by  ~  3%. 

At  CERN  new  aaodda  are  being  boift  to  optinum  dm 
cofi  deaiga  (eapeciaBy  ends)  and  mechaaicd  siracirae. 

The  lattice  gnadrapde  hm  been  deaigaBd  by  CEA- 
Saday  and  two  foU-acde  nnka  are  bemg  bulk.  The  firm 
one  is  being  mated  at  cryogenic  tempcmtoSB. 

hototypea  of  varioos  correctors  have  alao  been  bnik 


MAQNET  MODEL 


Fig.6  Traming  carve  of  magnet  nmdd 
5.  CRYOGENICS 


The  block  diagram  of  dm  cryogenic  reftigeration 
system  which  corresponds  to  a  httf-ceU  (*-  31  m)  is  Shown 
m  Fig.  7. 


Fig.7  Block  diagnmi  of  cryogenic  reftigermioo 

The  magnets  are  immersed  in  static  ptessariaed 
superfinid  He  at  1.9  K  and  cooled  by  heat  exchange  whh 
satmmd  soperfloid  He  flowing  m  a  labe  passing  throogh 
dm  nmgaets  and  running  dl  rl^  dm  knph  of  dm  hidf- 
oeD.  b  this  way  the  heat  transfer  path  is  streamlined  from 
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MipM  wiidiiiiiiip  tfv  Umv  ooU  fooreo  OQMibMBd 
kw  Atliit  MdiMHr  IriMt.  Moveower.  Ike  mimi  iMdH 

^taSpMiMt  ailvMMafe  of  tkis  tyMa  it  ikat  the 
woridig  iMBpencwD  of  eodi  mpMi  it  hide  dependent  00 
in  kwaiioo  in  ike  nwchine,  wSk  respect  »  the  octant 


40  a  X  2t  a  ril^ticri  tection  aecea  dhaft  diacdy  over 
da  coffiaien  poia  it  dhown  in  8.  Keladvdy  aadat 
aicovetta  added  ahai  the  beta-tea  a  dfcm  the  fatnad 

QBwCSwR  19  aDQB  MuOK  IBB  OBBBI  PVw  BPO  BHIB  BBPBBp  ID  SB 

oeaai  region  for apak and atmtcwanrr.  bddtntQrda 
ndergreaMi  handling  of  heavy  eoaponont  will  be 
—iaimifnj  jke  looa  for  the  e^qaranea  and 


To  tare  dda  adana  in  leaHatic  condhieot.  a  cryoloop 
bmmM  wm  kaflt  [S]  in  widch  the  aagnea  aa  nptaioed  by 
10  adong  oyoaat  naklalet  with  M  ateoa  fott  acale  hea 
exchanger  take.  Ike  aciBalaapathealoadaaa  provided 
by  elecirical  heeiaiXi 

The  experinaaal  atola  have  deaaonttaied  correct 
operation  i£  thia  cooling  acheae,  wkh  excellent  hea 
taacfer  capabffity.  extract  da  noaind  haa  had  of  0.3 
WAn  acraa  a  eeB^eraaa  difference  of  a  few  nriC  between 
atadc  bada  and  the  flowh^  helaaL 

Each  octant  of  the  UiC  will  be  cooled  by  ia  own 
refirigealDr.withaninatanedcapaci^of: 

•  1.8kWiaotheraalnfiriteraiiooal.8K. 

-  8.SkWnon-iaoihennalrefrigeraiiooa4J*10K 
30  g/d  tepi^BClion  a  43  K 

•  30  kW  Boo-iaotfaermal  wfrigewtioo  a  50-75  K. 

The  foor  12  kW  cryopiantt  a43  K  alreaify  acquired  for 
LEP  200  and  inataUed  a  da  even  poinia.  anitabiy  booaad 
a  18  kW  by  addhiooal  coapreaaon,  will  be  naed  for  LHC. 

Four  additional  planta  for  the  odd  poiaa  and  aaiaMe 
odd  boxea  for  lowering  the  amperature  ftom  43  K  a  ~ 
1.8  K  will  have  a  be  inaalled  in  order  a  oom|dea  the 
refrigeration  ayaam. 

d.  EXPERIMENTAL  AREAS 


7.  TIME  TABLE  AND  CONCLUSION 

The  baaic  deaign  of  all  — oonqxxMaa  and  the 
layoa  of  equipment  in  the  LEP  tunnel  are  oeaqrieied. 
They  will  form  da  baaia  of  the  ted  project  ptopoaal 
which  it  being  prepared. 

The  fOftnnicti"**  it  batTd  on  the  pn— 

of  the  inatallation  by  the  year  2000.  It  ia  therefore 
enviaaged  a  conqdea  the  experhneatal  programaa  with 
da  LEP  collider  hefrire  the  conMniaaionii^  of  the  LHC. 
that  offerhig  the  opportunity  of  uamg  very  cadoially  da 
ittfraaeraaiure  wtedh  exiaa  in  and  around  the 
LEP  tunnel.  Of  conrae.  tee  LEP  mad^  haelf  will  be 
fully  preaerved  hi  view  of  a  future  ep  operation. 

The  experinantaiion  whh  both  pp  and  ion  coHiaonr 
could  Mart  in  tee  year  2001. 
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Hg.8  Example  of  LHC  underground  experimental  area 

The  deaqp  of  the  new  LHC  areaa  ia  actively  punned 
mdoaecoBtiborBtionwiteproponentaofcxperimcnta. 

LHC  expetimeuta  will  be  about  twice  the  atxe  of  the 
LEP  detecton  and  weigh  between  10,000  and  3OJ00O  tons. 
A  deaign  atntfy  for  a  auitable  imderground  cavern,  with  a 
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Status  of  the  SSC 


Rkbttd  J.  Briggs 

Supcfconducring  Siyer  CcJlkler  Labowtmy* 
2SS0  BecUeymeade  Ave..  Dallas.  TX  75237 


Abstract 

The  Supacooductiiig  Super  Collider  (SSC)  is  a  pit^n- 
protoB  coUkfing  beam  aocelenttQrudtich.wtocoiBplcied,  will 
provide  coUiskm  energies  of  40  TeV  in  the  ceater-^*mass,  at 
a  lunuaoaity  <tf  l(p3^mVsec~^  This  pqwr  will  describe  the 
current  stmus  of  dm  design  and  construction  of  the  project 

L  INTRODUCTION 

The  bask  concept  for  the  SiqMicooducting  Siqwr  Collider 
goes  back  over  ten  years,  to  the  OFF  summer  study  of  1982. 
Based  on  technical  successes  in  high  field  superconducting 
megnet  devdopments  for  the  Tevatron,  a  40  TeV  center-of- 
mass  {uoton-proton  collider  was  propo^  as  the  next  miyor 
step  in  the  Irigh  energy  physics  (H^)  program.  In  1983 
H^AP  recommended  thid  die  SSC  be  built  as  the  highest 
priority  in  foe  USA  HEP  program. 

In  the  following  years,  detailed  conceptual  designs 
established  the  bask  fuuilMlity  of  the  approach,  leading  to  a 
I«esidential  decision  to  proce^  with  the  project  A  site  in 
Texas  near  Waxahadiie  was  sdected  from  over  43  im^xMais  in 
25  states.  In  1989,  a  contract  was  signed  with  Universities 
Research  Associatk»  to  build  and  qierate  the  SSC,  markuig 
the  formal  beginning  of  this  ambitious  construction  project 

Over  the  past  four  years,  enormous  progress  has  bm  made 
in  the  construction  of  die  ^C,  and  in  the  establishment  of  a 
new  scientific  labmauny  on  a  “green  field”  site.  At  the 
present  time,  the  staff  working  in  Texas  exceeds  2000  peq>le. 
and  civil  construction  activities,  including  the  compl^on  of 
over  five  miles  of  tunnel  for  the  collider,  are  well  underway. 

In  this  papnr,  we  present  a  brief  ovCTview  of  the  current 
status  die  accderator  design,  development  and  crmsttuction 
activities.  A  recent  SSC  publication  can  be  consulted  for 
additional  details,  including  the  status  of  the  overall  SSC 
program  [1]. 

n.  BASIC  PARAMETERS  AND 
THE  SSC  COMPLEX 

The  requirements  established  at  foe  outset  of  the  SSC 
inoject  call  for 

•  20  TeV  on  20  TeV  proton-proton  collisions 

•  a  luminosity  of  cm'*  sec'*  at  two  or  more 
inietaction  regions 

•  four  interaction  regions  provided  for  experiments 
(initiaUy),  and 

•  ade8igniefiaeacemissi(»iof45(X)hours^ear, 

The  baseline  parameters  of  the  colliding  beams  that  meet 
these  objectives  are  those  given  in  Table  1.  The  individual 
bunch  intensities  and  beam-beam  tune  shifts  are  conservative 


*Opertted  by  the  Univmities  Research  Association,  Inc., 
for  the  U.S.  Department  of  Energy  under  Contract  No. 
DE-AC35-89ER40486. 


by  comparison  with  current  practice.  The  transverse  emittance 
represents  a  significant  advance  over  currently  achieved 
performance.  The  very  lar;^  number  of  bunches,  and  the 
stored  energy  in  the  beams,  is  a  mqjor  st^  beyond  current 
experience  (in  beam  stored  enogy.  by  about  two  orders  of 
magnitude).  The  large  size  of  die  ring  also  leads  to  low 
revolution  frequcacies,  and  very  low  fr^uency  (<  1  kHz) 
resonances  wifo  the  bmatron  motion. 


TaUel 

SSC  Ctdliding  Beam  Parameters 


ProtMM  p«r  r  X  bnch 

0.75  1  10>* 

Beach  ■pMiaa/r«|^  rale 

5  toelera/M  MHZ 

Badltaace  (RMS) 

lx  BUB-Buad 

Bea«  radlae  al  iateracHaa  peial  (RMS) 

5  Btlcrotocten 

(B'-O.SM) 

Average  auaeber  ef  eveale  per  haack  ireetlag 

l.S 

Beaai-beaBi  tuae  ehlft  (total) 

.007 

head-ea  ■.SiS 

laag  raage 

Rlag  clrcatoTereace 

07.12  KM 

Ratalioa  brtqaeacy 

3.44  kHt 

Total  BBiaber  ef  bBBckce 

17,424 

Total  particle  caergy/rlag 

410  Biegejoulce 

Cycle  ttac 

24  hoan 

SyBcbrolroB  radlatioB  power/riog 

0.7S  kilowatts 

An  important  influence  tm  this  choice  of  parametos  is  the 
desire  for  a  limited  number  of  i»oton-proton  collisions  for 
each  beam  pulse  crossing  (average  of  about  1.5  at  the  design 
luminosity).  This  parameter  and  the  bunch  rate  of  60  MHz 
strongly  i^uence  the  design  of  the  expoimental  detectors. 

At  a  particle  energy  of  20  TeV,  the  synchrotron  radiation  is 
becoming  an  impmtant  factor  in  the  collide  design.  The 
s]mchrotr(»  radiation  heat  load  of  atxmt  18  kW  is  about  half 
of  the  total  4.2-K  cryogenic  load.  In  addition,the  irradiation  of 
the  vacuum  wall  by  the  energetic  ffootons  (Ecrit  =  288  eV) 
will  cause  gas  desorption,  as  in  high  energy  electron  rings. 
The  4.2-K  beam  tute  may  not  provide  ad^uate  pumping 
capacity  for  hydrogen:  an  R&D  program  is  underway  to 
evaluate  the  desorption  phenomenology  and  to  investigate 
approaches  for  its  mitigation. 

The  choice  of  a  peak  bendii^  magnet  field  of  about  6.6  T 
in  the  collider  dipole  magnets  lead  to  a  ring  circumference  of 
87  km.  A  schematic  of  the  collidar  is  shown  in  Figure  1.  On 
the  west  side,  the  injector  complex  is  located  on  about  10,(X)0 
acres  of  land.  Two  interaction  regions  are  also  located  on  the 
west  side.  The  large  genoal  purpose  detectcvs  will  be  located 
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QB  i|Ni  MM  Mil  of  tiM  iio|.  tt>  Ipko  ■dvaaiife  of  the  more 

Mili|t  fpn 

ilM  OMhi  urtiMWiw  die  varioM  mechinet  in  die 
MlMMon  an  pww  in  TMde  2.  The  two  collider  rii^  and  dm 
h^olvHHI  n^  on  MpereoodMdng  oMpeta. 


byoMMinbin 


Bine  1.  Tim  overall  layout  of  the  SSC  with  the  injector  and 
west  coa^lex  located  on  the  left  and  dm  east  conqnex  on  dm 
light  of  dm  diagranL 


m.  SUFERCX^lDUCTING  MAGNETS  AND  THE 
ACXXLERATQR  SYSTEM  STRING  TEST 

The  mqmrcondiictii^  raagoMs  rqiresMt  the  moM  comly 
single  MetEMit  in  the  SSC  iM'oyect,  a^  it  is  also  a  rdatively 
new  technology  conqwnd  lo  dm  other  technical  systems.  A 
OMin  RAD  program  was  estaUished  at  PNAL,  BNL.  and 
LBL  to  develop  SSC  stqmrcondaMing  magnets,  ftdlowing  dm 
1983  decision  by  HEPAP.  When  SSC  L4dioral0iy  was 
estaUished  in  IS^.  a  mMor  ^oit  was  undertakrai  to  acquire 
dm  capMiility  on  site  (in  people  and  facilities)  to  continae  this 
RAD  effort,  and  to  create  dm  imfaistrial  capability  to  do  Ugh 
rase  production  of  dm  magnets. 

U  January  1990.  the  SSC  LMioratory  decided  to  inoease 
dm  aperture  of  the  collider  dipole  ma^Ms  frnn  40  mm  to 
50  mm  to  meet  dm  dynamic  qMature  requiranents  during  dm 
injection  fdmse.  This  change  requited  significant  changes  in 
dm  collider  dipole  developnmnt  plan.  At  this  tiiim  the 
Labmatory  committed  to  a  system  demonstration  of  one 
collider  hMf-cell  (the  Accelerator  System  String  Test)  using 
iadiistriallv-ansenihled  riiiv^  magnet,  to  be  completed  by 
OctUmr  1992.  The  half*cen  consists  of  five  dipole  magnets, 
one  quadnqxde  magnet,  a  spool  piece,  and  prototyi»cal  queadi 
protection  and  SMSor  data  acquisition  systems. 

The  developmmit  of  dipole  magnets  for  this  dmnonstration 
was  carried  out  by  FNAL  and  BNL.  in  collaboration  with  dm 
SSC  Lab(»ratoiy.  Once  dm  imhistrial  contracts  were  in  place. 
General  Dynamics  smit  a  team  to  FNAL.  and  Westinghouse 
SMt  a  team  to  BNL.  to  build  dm  dqiUe  magnets  for  the  test 
These  magnets  all  demonstrated  excellent  peifMinance.  and  dm 
syston  test  was  successfully  completed  in  August  1992.  six 
weeks  ahead  of  schedule. 


Table  2. 

Injector/Collider  Pvarrmters 


iiLPiimi 

Collider 

Kinetic  Brmrgy 

0.6  GeV 

ll.l  GeV 

180-200  GeV 

2TeV 

20TeV 

Qrcumference  (km) 

0.57 

3.96 

10.80 

87.12 

Cydetirrm 

saH 

0.1  sec 

Ssec 

2x43  min 

••24  hours 

Proton/  cycle 

1012 

8x10»2 

2x1012 

13xl0M 

ProltMis/ bunch 

1010 

1010 

1010 

0.75x1010 

Normalized  rms  emittance 

<0.4 

0.6 

0.7 

0.8 

1 

(x  mm  mrad) 

1 
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fasti  of  iadivkiiial  d^wle  inagnett  were  nm  at  tempetatwM 
below  4.2K.  to  explore  the  mechaoical  limits  of  these 
ougnets.  At  a  teaqperature  of  1.8K.  the  quench  cumnt 
inmNued  to  almost  10  kA.  as  expected  if  it  followed  the 
dieoredcal  short  sample  limit  This  conesponds  to  a  magnetic 
field  of  about  9.5  T,  loweted  somewhat  fitun  the  1  T/kA 
scaling  because  iron  saturrtimi  at  diese  higher  fields. 

At  this  point  over  20  full-length  50-mm  prototype 
collider  d^le  magnets  have  been  tested.  About  25  of  the 
earlier  40  mm  versions  were  also  constructed  and  tested. 
Magnetic  multiples  of  the  50  mm  dipoles  are  well  within  the 
range  required  by  the  collider.  With  this  highly  successful 
prototype  develofunent  work  completed,  die  superconducting 
magnet  program  is  now  beginning  the  transition  to  industrial 
production  capability,  aimed  at  high  rate  production  (10 
magnets/day).  Genend  Dynamics,  the  collider  dipole  magnet 
“lead”  contracts  for  development,  is  well  advanced  in  the 
construction  of  their  production  plant  in  Hammond, 
Louisiana.  A  full  length  prototype  magnet  should  be 
available  fm  testing  in  a  few  montte.  Wesdnghouse,  the 
“follower”  for  the  collider  dipole  and  principal  contracts  for 
HEB  dipoles,  is  constructing  a  plant  in  Round  Rock,  Texas. 
Babcock  and  Wilcox,  contractor  for  the  collider  quadrupole 
magnets,  is  outfitting  dieir  facility  in  Lynchburg,  Virginia. 

One  issue  remaining  in  the  super(;«  nducting  magnet 
program  is  the  observation  of  relatively  large  ramp  rate 
dependencies  of  the  quench  current  in  some  recent  prototypes. 
Tl^  is  not  expected  to  be  an  issue  for  the  collider,  wUch 
ramps  at  about  4  A/sec,  but  it  is  a  potential  {xoblem  fm  the 
hi^  energy  booster  magnets  which  ramps  at  about  60  A/sec. 
A  program  to  resolve  this  issue  is  underway,  as  a  collab<»ative 
effmt  involving  Westinghouse  and  the  Laboratory,  with 
cooperadon  from  BNL  and  FNAL. 

IV.  STATUS  OF  THE  INJECTOR 
AND  COLLIDER 

The  basic  parametos  cl  the  machines  are  given  in  Table  2. 
A  description  of  these  machines  and  dieir  design  features  can 
be  found  in  a  recent  conference  piqier  [2]  and  in  the  SSC 
Annual  Rqxnt  [I].  In  diis  summary,  only  a  few  highlights  of 
recmit  acctmqilishments  will  be  given. 

To  achieve  the  emittance  goal  of  the  SSC,  we  must  start 
with  a  very  high  Ivightness  beam  out  of  the  ion  source  and 
through  the  Unac.  The  design  goal  for  the  Linac  emittance  is 
several  times  smallm  than  that  achieved  at  FNAL,  BNL,  or 
LAMPF.  An  additional  challenge  is  the  very  high  level  of 
reliability  required  to  meet  the  ovoall  availability  goals  fcv  the 
SSC. 

An  RF-driven  negative  ion  volume  source  built  by  LBL 
fm*  the  SSC  has  opmated  at  normalized  transverse  emittances 
less  than  0.12ic  mm  mrad  (RMS)  at  30  ma.  A  dual  Einzel 
Imis  is  used  for  the  low  energy  beam  transpcnt  (LEBT)  secticm, 
to  match  into  the  RFQ.  This  lens  has  introduced  aberrations 
that  limit  the  traiuqiort  thrmigh  the  RFQ  to  about  18  mA  (in 
agreement  with  particle  simulation).  The  RFQ  section  was 
built  by  Los  Alamos  National  Laboratory,  and  it  has  recenUy 
been  operated,  accelerating  the  H'  beam  to  about  2.5  MeV. 
Very  recent  measurements  of  the  emittance  out  of  the  RFQ 
indicate  an  emittance  around  0.2Sn  mm  mrad  at  18  mA,  very 
close  to  the  design  goal  [3]. 


The  next  accekrrtion  sta^  is  the  Drift  Tube  Linac,  wludi 
will  accelerate  the  beam  to  70  MeV.  The  first  DTL  tanks 
riiould  be  deUvered  around  January  1994.  The  DTL  consists 
of  four  tanks  (supfdied  by  AccelerattH'  Systems  Tedmolt^, 
Inc.)  each  pow«^  by  a  4  MW  klystron  (from  Th(mqisoa 
CSF).  Ihe  Coupled  Cavity  Linac  tanks  are  being 
manufactured  by  Beijing.  Commissioning  of  the  first 
CCL  module  is  scheduled  for  October  1994,  and  the  Linac 
crmimissioning  is  currently  expected  to  be  conqdeted  by  April 
1995. 

The  LEB  magnets  (resistive)  are  part  of  a  coUaboratirm 
with  BINP  in  Novosibirsk.  Delivery  of  the  first  producticm 
magnet  is  scheduled  for  October  1993.  BINP  is  also 
collaborating  on  the  correction  magnets,  the  energy  storage 
inductors,  and  the  RF  system.  Two  tuner  designs  are  currently 
being  tested,  since  this  element  is  one  of  the  hi^ier  risk  items 
in  the  LEB. 

The  MEB  is  a  large,  normal  conducting  synchrotron 
similar  to  those  at  Fermilab  and  CERN.  A  model  dipole 
magnet  has  been  built  by  FNAL,  and  is  currently  beginning 
tlm  testing  phase.  An  agreement  has  been  reached  with 
Moscow  Ra^o  Technical  Institute  to  provide  the  dipole  and 
quadrupole  magnets,  following  a  successful  prototype 
demonstration  phase. 

The  HEB  is  a  superconducting  synchroton,  using 
superconducting  magnets  similar  to  those  used  in  the  collider. 
The  novel  feature  of  die  HEB  is  its  bipolar  operation,  required 
to  inject  oppositely-directed  proton  beams  in  the  two  odlider 
rings.  Bipolar  tests  of  magnets  at  FNAL  and  KEK  have  not 
indicated  any  difficulties.  The  main  issue  in  the  HEB  is  the 
ramp  rate  dependence  of  the  dipole  magnet  quench  current 
mentioned  in  the  previous  section. 

Significant  advances  have  been  made  in  a  number  of  areas 
in  the  collider  design  and  develr^ment  activities,  besides  the 
superconducting  magnets.  The  Utility  Regions  include 
components  such  as  injection  magnets,  beam  abort  systems, 
and  RF  systems.  These  components  are  currendy  und^oing 
detailed  design.  The  Interaction  Region  optics  has  received 
extensive  review,  and  detailed  design  of  the  numerous  specialty 
magnets  required  for  diis  region  is  underway. 

As  mentioned  in  Section  2,  the  gas  desorption  from 
synchrotron  radiation  in  the  collider  arcs  is  an  outstanding 
issue.  An  extensive  R&D  program  is  underway  to  evaluate 
the  impact  of  this  phenomenon  on  collider  opmtion,  and  to 
study  various  approaches  for  mitigating  its  effects  [4].  Studies 
of  gas  desorption  in  cold  tubes  have  been  carried  out  at  BINP. 
The  most  recent  data  indicates  strong  reductions  in  the 
desorption  rate  at  lower  temperatures,  in  disagreement  with 
SSC-CDG  experiments  in  the  late  1980’s.  Mitigation  effects 
include  optimizing  the  copper  plating  process,  coating  the 
tube  with  thin  layers  of  gold,  ai^  using  cryosorbent  materials 
to  increase  tbe  l(x»l  pumping  capacity. 

V.  CIVIL  CONSTRUCTION 

The  first  major  civil  construction  on  the  permanent 
"campus”  site  is  at  the  N-IS  area,  on  the  ncnlhern  edge  of  the 
west  campus.  The  Magn&t  Development  LabmatcHy  (MDL), 
an  82,000  square  foot  building,  is  currently  being  used  to 
falnicate  prototype  superconducting  magnets.  It  will  be  used 
in  the  future  to  make  die  small  quantities  of  specialty  magnets 
used  in  tbe  cluster  regions  of  the  collider.  Adjacent  to  MDL 
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aie  buiklings  which  house  die  cryogenic  facilities  for  the  N-IS 
section  of  die  collider,  and  the  Accelerator  System  String  Test. 
Another  nearby  building,  the  Magnet  Test  Laboratory  (MTL), 
is  comidete  and  equipment  is  currendy  being  installed.  It  will 
have  ten  test  stands  for  cold  testing  of  full  length  magnets,  and 
it  also  contains  a  three  magnet  test  string.  Cable  winding 
equipment  and  numnous  shtat  magnet  test  areas  and  are  also 
provided  in  the  MTL. 

The  first  vertical  shaft  down  to  the  collider  tunnel  was 
excavated  at  N-IS  (about  250  ft.).  This  oval  shaped  shaft, 
30  ft.  1^  60  ft.,  provided  access  fm  the  first  tunnel  boring 
machine.  In  the  ^ture,  this  shaft  will  be  used  for  the  delivery 
of  magnets  and  other  components  to  the  tunnel.  Four  other 
shafts  of  this  size  will  be  sp«K:ed  around  the  collider  ring. 

Several  other  shafts  in  the  northern  half  of  the  ring  have 
been  completed,  and  four  tunnel  boring  machines  are  in 
operation.  At  the  present  time,  over  five  miles  of  timnel  has 
been  excavated,  about  10%  of  the  collider  ring.  The 
construction  crews  have  broken  a  number  of  world  records  for 
the  tunneling  “rate  of  advance”  for  four  to  five  meter  class  hard 
rock  tunnel  boring  machines  (best  day,  best  week,  and  best 
month).  The  aggregate  turmeling  progress  has  been  close  to 
one  mile  per  week  fiom  all  four  machines. 

The  construction  of  the  tunnels  and  buildings  for  the  first 
machines  in  the  booster  chain  is  also  well  underway. 
Beneficial  occupancy  of  the  Linac  tunnel  is  imminent,  and 
installation  of  equipment  will  begin  this  summer.  The  LEB 
tunnel  excavation  is  complete,  and  the  LEB-MEB  transfer  tine 
tunnel  has  been  constructed.  Beneficial  occupancy  of  the  LEB 
tunnel  is  scheduled  ftM*  January  1994.  Bids  have  been  received 
on  the  MEB  tunnel,  and  an  award  is  expected  soon. 

VI.  CONCLUSIONS 

The  SSC  construction  is  underway,  "iliere  has  been 
excellent  progress  in  the  superconducting  magnet  program, 
now  undergoing  a  transition  to  industrial  production,  and  in 
the  civil  construction  (tunneling  at  the  late  of  about  one  mile 
per  week).  Since  these  activities  are  the  critical  path  for 
completion  of  the  project,  the  technical  progress  still  supports 
a  date  of  October  1999  for  first  beam  to  experiments.  The 
required  funding  levels  in  the  past  two  years,  and  the  current 
guidelines  from  the  Administration  for  ^  next  four  years,  do 
not  support  this  schedule.  The  project  is  currently  in  the 
process  of  replanning  its  activities,  in  accord  with  current 
budget  guidance.  It  is  expected  that  the  schedule  will  slip  by 
2-3  years  relative  to  the  original  baseline. 


Vn.  ACKNOWLEDGMENTS 

This  paper  is  a  report  on  the  work  of  sevmul  national 
Irdioratories,  including  SSC,  and  a  large  number  of  industrial 
contractors.  The  author  hopes  that  their  collective 
accomplishmqits  are  accurately  portrayed  in  this  brief  rqiort. 

Vm.  REFERENCES 

[1]  Superconducting  Super  Collider  -  Laboratory  Status 
Report-1992  (March  1993). 

[2]  G.  Dugan,  “Status  of  the  SSC,”  XVth  International 
Conference  on  High  Energy  Accelerators  (Hamburg, 
Germany  July  1992). 

[3]  K.  Saadatmand,  “Perfmmance  of  the  SSC  Volume  H' 
Source,  Preaccelerator,  and  RFQ  System”  (May  1993, 
this  confoence). 

[4]  W.  Turner,  “Dynamic  Vacuum  in  the  Beam  Tube  of  the 
SSC  Laboratory  Collider:  Cold  Beam  Tube  and  LinCT 
Options”  (May  1993,  this  confidence). 


3925 


Design  for  Low  Beam  Loss  in  Accelerators  for  Intense  Neutron  Source  Applications 


Robert  A.  Jameson 
Accelentor  Technology  Divisioa 
Los  Alamos  Natiooal  Lduratocy,  Los  Alamos.  NM  87S4S 


Abstract 

Control  of  beam  loss  in  intense  ion  linacs  involves  keqping 
beam  spill  below  parts  in  by  fneventing  total 

beam  size  fiom  extending  to  the  limiting  qmrtures.  Starting 
fhan  good  nns  design  piactices,  new  antdysis  (tf  the  machine 
mchitectoie  is  describe  in  tenns  of  q[»oe-charge  effects  <» 
the  machine  tune,  firee-^ieigy  constraint,  and  halo-producing 
mechanisms.  It  is  shown  that  halos  are  produced  by  the  time- 
(or  position-)  varying  nature  of  common  linac  (such  as 

misalignment,  mismatching,  acceleratkm.  and  construction 
techniques)  il^gh  collective  core^gle-particle  interaction 
dynamics  plus  resonances. 

I.  INTRODUCTION 

High-intensity  neutron  sources  can  provide  solutions  to 
society’s  requiranents  for  defense  and  commercial  radioactive 
actinide  and  fission-product  waste  disposal  and  generation  of 
electric  power  without  a  long-term  waste  stream  [1-2].  a 
pulsed  neutron  research  facility  [3].  production  of  tritium  and 
other  special  materials  [4].  conversion  of  plutonium,  and  the 
development  of  advanc^  materials  [S].  These  neutron 
sources  are  driven  by  large  linear  accelerators,  with  30-300 
mA  proton  current  at  energies  of  1-2  GeV  and  10-100%  duty 
factors  for  the  plications  in  [1-4].  and  modules  of  up  to  2S0 
mA  cw  deuteron  current  at  40  MeV  for  the  materials 
development  program. 

Tb^  acceleratcHS  would  have  up  to  a  few  hundred 
megawatts  of  beam  pow«.  a  large  factor  above  the  ~1  MW 
capability  presently  available  at  LAMPF.  However,  the 
power  extrapolation  is  not  fundamentally  difficult;  a  factor  of 
-64  would  be  realized  if  LAMPF  ran  cw  and  all  die  rf  buckets 
were  filled.  The  majOT  challenge  is  to  keep  residual  activation 
of  the  linac  by  stray  beam  loss  low  enough  that  remote 
manipulator  maintenance  is  not  required;  le..  average  losses 
should  not  exceed  presmt  LAMPF  levels,  translating  to  a  rule- 
of-thumb  of  <1  nAAjeVAn.  Dealing  with  mrve  particles  per 
bunch  is  the  main  challenge  of  the  extrpladon.  Most  of  the 
proposed  configurations  require  within  2-3  times  more 
particles  per  bunch,  with  the  maximum  scenario  at  4-S. 
Acceleration  of  pe^  currents  of  these  magnitudes  has  been 
achieved,  but  attairunent  of  the  requited  low  loss  must  be 
demonstrated. 

Typically,  in  real  linacs  and  in  multiparticle  simulations  of 
them,  a  high-intensity  beam  will  develop  a  diffuse  outer 
“halo”  that  can  crmtain  as  much  as  a  few  p«cent  of  the  beam 
currenL  If  this  halo  extends  to  the  bore  trulius.  particles  will 
be  scrpd  off.  There  is  presendy  no  analytical  guidance  to 
performance  at  such  low  levels,  and  the  physics  in  the 
simulaticm  tools  is  also  not  accurate  raough.  Present  design 
practice  [3-S]  concentrates  on  controlling  the  transverse  and 
longitudinal  rm  beam  sizes  in  ways  that  insure  maximum 
“aperture  factors”  (or  safe  stay-clear  ratios  of  bore-to-rms- 
beam-radius  and  accelerating-bucket-to-rmr-beam-length) 
within  various  constraints.  Reference  design  work  fix'  the  new 


q^lications  avoids  abnqx  transitions  such  as  those  that  cause 
“hot  spots”  at  LAMI?.  and  achieves  rms  iqietture  factors  from 
2-3  times  larger  than  the  LAMPF  design.  New  designs, 
including  an  anticipated  error  budget,  are  checked  by  simu¬ 
lation  with  up  to  a  few  hundred  thousmid  particles,  attd  are 
judged  satisfKtory  if  no  particles  are  observed  to  hit  the  bme. 

The  simulations  do  ^ow  growth  of  the  toted  beam  size. 
The  intent  of  this  paper  is  to  discuss  aspects  of  total  beam  size, 
the  control  of  which  is  the  true  goal  of  loss  minimization. 

IL  ARCHTTECrUREOFPRESENTDESIGNS 

Two  dominant  features  characterize  the  essentials  of  a 
typical  RFQ  accelerating  section,  a  DTL.  or  a  long  coupled- 
cavity  high-beta  ion  linac  (CCL).  Typically  the  accelerming 
gradient  is  held  constant,  because  of  rf  power  cost  w  sparking 
constraints.  This  results  in  rather  small  longitialinal  focusing 
that  decreases  with  energy,  so  the  longiukUnal  zmxr-current 
phase  advance  per  period  decreases.  The  Icmgiuidinal  tune 
depression  from  the  beam  space-charge  then  stays  about 
constant  with  energy,  typically  -0.4.  a  value  at  which  the 
qmce-charge  and  emittance  have  approximately  equal  effect 
There  is  phase  damfung  with  acceleration  and  the  beam  rms 
phase  width  shrinks,  resulting  in  a  larger  rms  longitudinal 
aperture  factor  [6]. 

Strong  transverse  focusing  is  relatively  easy  to  obtain. 
'9ifith  constant  transverse  focusing  per  unit  length,  the  external 
focusing  effect  increases  with  energy  as  the  space-charge 
forces  weaken.  The  rms  beam  size  shiiiiks.  increasing  die  rms 
transverse  aperture  factor.  The  transverse  tune  dqitession. 
which  may  be  strong  (-0.4)  at  low  energy,  r^idly  weakens. 

In  terms  of  the  plasma  period  of  the  be^.  the  1-2  CeV 
linac  is  long  —  of  order  100  plasma  periods. 

The  emittance  and  aperture  factor  behavior  reflect  the 
architecture,  as  shown  in  Fig.  1  for  a  typical  140  mA.  20-1500 
MeV  proton  linac.  In  this  typical  simulation,  the  error-free 
linac  is  smoothly  varying  and  the  input  beam  is  a 
mathematical,  clean-edg^  distribution  injected  on-axis  and 
rms-matched. 

The  tune  trajectories  are  plotted  on  Hofmann’s  beam 
instability  chart  [7].  Fig.  2.  to  check  whether  the  observed 
growth  can  be  expl^ned  in  this  way.  The  longiuidinalArans- 
verse  rms  emittance  ratio  stays  at  -2.  At  20  MeV.  the 
trajectories  are  initially  below  the  4th-6ven  mode  thresholds 
and  a  rapid  equilibration  occurs  in  1/4  plasma  period  (-1-2 
tanks).  The  trajectory  is  above  the  3rd-odd  thresholds,  and  the 
3rd-even  is  not  excited  because  the  transverse  tune  is  not 
under  its  threshold.  So  the  lower-order  Hofmann  modes  do 
not  explain  the  growth. 

It  is  clear  from  Fig.  2  that  the  transverse/longitudinal 
energy  balance  (or  partitioning)  is  not  equal  through  most  of 
the  li^  [8.9]  and  thus  free  energy  is  available  that  can  be 
convoted  via  nonlinear  processes  to  size/emittance  growth.  A 
major  phase  of  present  research  now  in  progress  is  to  modify 
the  machine  tune  so  that  various  degrees  of  equipartitioning 
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can  be  studied.  Because  the  aichitecture  economics  specified 
the  longitudinal  tune,  equipartitioaing  means  a  decrease  in  the 
transverse  focusing  with  mergy.  ^wth  in  rms  beam  size 
^lerh^  a  factor  of  3^)  will  occur  along  the  machine,  but  if 
total  beam  size  growth  is  reduced,  an  ovoall  improvement 
may  result  This  work  requiies  a  self-consistent  simulation 
code  [8,9],  which  is  being  iqxlated.  These  future  studies  of 
beam-involved  machine  tunes  may  result  in  a  hybrid  tune, 
with  better  energy  balance  at  low  energies  where  ^nce-charge 
is  more  d(»ninmtt  and  stronger  focusirig  at  hitter  energies. 

A  siqwicoaducting  (sc)  linac  could  allow  the  accelerating 
gradient  to  increase  with  energy,  allowing  equiparudoning 
with  smaller  transverse  beam  size.  This  may  be  a  major 
argument  for  sc  linacs,  along  with  larger  aperture  and  shorter 
length  fiom  higher  gradient 

Using  the  rms  matching  equations  and  the  equipartitioning 
relationship,  scaling  and  optimization  equations  for  the 
aperture  factors  can  be  formulated  [6].  Unfortunately,  they 
are  highly  coupled  and  nonlinear  a^  thus  are  not  solvable 
except  under  special  circumstances,  such  as  constant 
equipartitioning  ratios.  In  that  case,  the  aperture  factms  are 
always  larger  at  lower  frequency.  In  oth«  cases,  optimum 
frequencies  are  evideiKXd  in  numerical  studies,  and  some  very 
strong  relationships  ate  indicated,  such  as  that  the  maximum 
iqterture  factw  always  occurs  at  an  almost  constant  tune 
depression.  Some  aqtects  of  these  kernel  relationships  have 
bera  discovo-ed,  but  their  basic  forms  remain  elusive. 
Hnding  these  kmiels  would  he^  greatly  in  understanding  the 
scaling  and  optimization  of  low  beam-loss  designs,  so  the 
search  continues. 


Rg.2.  CCL  turw  trajectories  on  Hr^nann  mstability  chart 
Typed  140  mA,  20-1500  MeV  CCL  (black  arrows),  and 
equipartitioned  tune  (white  snows). 

in.  PHYSICS  OF  HALO  BEAMS 

Preventing  halo  formation  a  priori  is  the  point-of-view  of 
the  rraearch  thrusts  of  this  paper.  We  know  diat  this  means 
keqting  nonlinearities  snoall  in  both  the  exinnal  fields  and  in 
the  beam  qtace-charge,  keqring  the  beam  well  matched,  wdl 
aligned,  arid  energy  balanced,  as  much  as  possible  whhin  the 
many  constraints.  The  latter  make  it  hard;  fw  exarrqile,  strict 
equipartitioning  is  difficult  to  achieve  practically,  especially 
widi  the  need  to  change  accelnator  structure  and  use  a  higher 
harmonic  rf  at  higher  energy.  Thus  we  do  have  to  search  fix’ 
the  mechanisms  causing  halo  fesmation  and  how  they  affect 
allowable  mrx  budgets. 

Hie  lowo’-order  Hofmann  instability  modes  did  not  explain 
the  results  in  this  case.  Other  analyses  [10-12]  have  related 
nonlinear  field  energy  and  diffusion  to  asymptotic  rms  growth 
(from  errors  of  energy  imbalance,  misalignment,  rms 
mismatch,  and  input  distribution  mismatch)  in  transport 
systems,  but  these  ate  not  easy  to  iqiply  to  an  acceleratrx,  and 
all  of  th^  methods  deal  in  a  macro-^ect  cm  the  beam  bunch 
that  does  not  reveal  what  really  hrqipens  to  particles  that  may 
form  a  halo.  It  had  long  been  observed  that  panicles 
(xiginally  in  a  well-sheathed  beam  cok  could  lata-  appear  in  a 
halo,  meaning  that  aibstantial  energy  had  to  be  acquired  by 
that  particle,  but  the  mechanism  was  not  known.  There  woe 
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many  qoeationa  aaa  haloa  feamaied  continnomiy;  will 
dwy  reappear  if  Kfaped;  why  do  different  enfor  condhkma 
produce  tSfteeat  halo  elStett? 

Subatantial  new  insight  haa  been  obtained  by  lool^  at 
detailed  single-porticle  behavior  in  conq)^  eq>eriments 
[13].  The  key  mechanism  is  very  simide.  and  the 
pheoomMology  is  nlocidated  in  the  mqmments  described 
below.  Devetopment  of  the  corresponding  theory  and 
analytical  relation  10  total  beam  sire  and  madiine  tolerances  is 
nowreqtdred.  As  in^ted schematically  in Rg.  3. 


Fig.  3.  Schematic  of  collective  cote/single-patticle  halo- 
producing  mechanism. 


the  collective  interaction  of  single  particles  with  the  beam 
cfxt,  when  a  density  diange  in  &  core  or  a  relative  motion 
between  the  particle  and  the  core  occurs  within  an  appropriate 
time,  is  a  mqjor  halo-producing  mechanism.  Laiie  ener^ 
transfers  can  occur  in  a  single  interaction;  e.g.,  a  particle  with 
initial  betmron  motion  can  be  slowed,  sttqiped,  reversed,  or  be 
accelerated  by  a  "slingshot”  eflfcct  analogous  to  a  spacecraft 
passing  a  body  in  apace.  A  particle  initially  at  rest  inside  the 
core  can  receive  a  strong  push  from  a  nearby  density 


fluctuation.  The  accelerator  is  an  essentially  periodic  system, 
so  core  flnetuatioos  that  are  erected  will  oacUbie  periodically, 
and 

core  oscillation,  resoumt  interactions  result  in  large  orbits. 
Thus  esn  particles  move  from  the  cemer  of  the  core  into  the 
outer  halo.  The  resonances  tend  to  self-limit  as  the  particle 
tune  changes  whmi  itt  orbit  dian^  The  coic/single-pmt^ 
interactions  give  a  unifying  insight  into  the  ludo-farming 
contributions  of  mismatching,  misalignment,  energy 
unbalance,  alternating-giadient  focusing,  conttant-beta  liriM 
sections,  bunching,  acedermion  and  odier  causes  of  beam  cote 
fluf  liiation.  Some  of  the  features  of  the  mechanism  are  briefly 
sumnmrized  in  the  ftdhrwing. 

The  time-varying  dynamics  were  first  understood  by 
observing  the  bdiavior  of  an  initially  round,  continuous,  zero- 
emittance,  strooi^y  mismatched.  3-o  Gaussian  beam  laiuKfaed 
into  a  linear  continuous  radial  focusing  channel.  Fig.  4  shows 
its  evolution.  (When  x  or  y  change  sign,  die  sign  of  r  is 
reversed,  and  r*  adjusted,  to  aid  the  eye.)  At  z/wp  *  0375 
plasma  periods,  some  particles  ate  still  at  test  near  the  origin. 
Then  the  outer  tail  swe^  through  the  origin,  causing  a  local 
density  anomaly  thoe  that  repels  nearby  particles,  and  also 
slows  or  qieeds  iq>  particles  in  the  tail.  This  can  be  obsoved 
at  zAvp  >  03  and  subsequendy.  Rqiealed  interactions  of  this 
type  result  in  folding  of  segments  into  a  beam  core 
(r/wpB3.875),  fiom  which  new  tail  summits  begin  to  emerge. 
By  xAvp  »  9.7S0.  the  new  tail  extends  almost  as  far  as  the 
original  tail.  The  result  of  an  abtiqn  scnqnng  of  the  halo  at 
xAvp  s  SO  can  now  be  easily  anticteued  by  considering  the 
mechanism  as  described  above  —  a  strong  central  density 
oscilladon  is  sdll  present,  so  halo  condnues  to  form. 

Fig.  S  shows  the  central  density  fluctuation  induced  by 
launching  a  warm  (initial  tune  depression  ~0.4)  mismatched 
Gaussian  beam,  and  the  rr’  radius  of  the  six  particles  (fiom  a 
set  of  lOip  that  had  the  largest  rr’  radii  at  zAvp  »  10.  The 
sharp  dip  in  rr’ indicates  a  passage  through  the  core,  and  it 
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Fig.  4.  Initially  zero-emittance,  mismalched  beam  in  radial  channel;  scrqied  at  ^wp  =  SO. 
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Fig.  S.  Warm  mismatched  beam  in  radial  channeL 

will  be  noted  that  the  peak  in  rr’  following  each  of  diese 
interactions  with  the  core  is  larger  (if  the  interaction  occurred 
when  the  central  density  was  rising,  or  smaller  (if  the  central 
density  was  (idling).  There  is  a  resonant  buildup  during  the 
first  5  interactions,  with  a  change  in  single-particle  tune  thm 
causes  a  slip  to  the  Calling  density  phase,  resulting  in  loss  of 
energy  and  change  ai  tune  back  into  resonant  growth  again  at 
the  end. 

Stationary  distributions  can  be  formed  [14]  for  the  tune- 
independent  continuous  radial  focusing  system  using 
functions  of  the  single-partkle  Hamiltonian  (including  space- 


Fig.6.  (a.)  Hamiltonian  o/Oo  =  0.4  initial  distribution, 
(b.)  Scrqied  at  ^/wp  s  S.  (c)  r^rowth  of  maximum  radius. 


charge).  The  beam  radius  and  focusmg  strength  are  choaen. 
giving  the  tune  dqrression.  In  r-r’  phaK  space,  the 
distributioo  has  a  squarish  slnqie  that  sharp^  with  mote  time 
dqxession  (Hg.  6jl)  An  initiai  distribution  with  tune  shift 
a/Oo  *•  0.4  was  taaped  with  an  elliptical  rr’  filter  after  S 
idasma  periods  (Pig.  6.b.).  This  excited  a  central  density 
oscillation,  and  the  maximum  beam  radius  grew  back  larger 
than  the  initial  value  (Hg.  6.c.).  As  ejqiected,  the  largest 
radius  particles  were  driven  as  described  above. 

The  statkmary  oATq  «  0.4  dittibution  was  given  an  initial 
mismatch  of  1.S  in  radius.  After  20  plasma  poiods,  rms 
emittance  had  grown  only  2-3%,  the  maximum  rms  ^us 
remained  unchanged,  but  the  maximum  radius  grew  by  a 
Csctor  of  ~2.4  (times  the  matched  radius  -  includes  all  the 
mismatch)  via  a  strong  resonant  interaction  on  the  rising  side 
of  the  central  density  during  the  pmiod  fiom  8-14  eAtr- 

With  an  initial  S0%  beam  radius  misalignment  (in  x)  of  die 
o/Oo  -  0.4  Hamiltonian  distribution,  the  rms  emittance 
oscillated  to  a  peak  of  ~1S%  growth,  damping  to  3-4%  at  10 
zjwp.  The  maximum  radius  grew  about  S%  beyond  the  shift 
inti^uced  by  the  misalignment  Only  a  small  oscillation  was 
excited  in  the  central  density  ovn’  this  distance.  There  was 
about  20%  damping  of  the  x-centroid  oscillation,  with  growth 
in  the  y-centroid  modem.  The  reason  for  the  small  total 
growth  is  that  there  is  no  resonant  effect  because  of  the  wide 
sqmradon  between  the  particle  tunes  (near  0.4)  and  the 
undepressed  betatron  modon  of  the  beam  centroid.  We  would 
then  expect  more  disturbance  to  a  beam  with  less  tune 
depression,  and  this  was  indeed  the  case.  A  S0%  x- 
misaligiunent  of  a  o/Oq  *  0.83  distribudon  resulted  in  12% 
rms  emittance  growth  over  the  flrst  6  z/wp.  The  maximum 
beam  radius  grew  20%  beyond  the  misalignment  shift  (or  to 
1.8  times,  including  the  misalignment,  the  radius  of  the  on- 
axis  beam).  The  x-centroid  oscilladon  (Hg.  7)  damped  about 
a  factor  of  10,  with  excitadon  of  a  central  de^ty  oscilladon 
duriiig  the  strongest  part  of  the  centrtdd  oscilladon  damping, 
that  then  continued  at  roughly  constant  amplitude  and  a 
frequency  slighdy  higher  than  that  of  the  decaying  centroid 
oscillation.  Fig.  7  also  shows  the  rr’  radius  of  the  pvticle  that 
was  hugest  at  z/wp  s  10,  achieved  by  resonating  with  the  Oo 
posidon-oscilladtm  on  the  rising  edge  of  absfxmean)  during 
the  first  6  ^wp.  From  6-lS  z/wp,  the  pardcle’s  rr’  radius 
decreases  as  it  interacts  with  the  admixture  of  centroid  and 
central  density  oscilladons.  From  15-20  z/wp,  the  centroid 
oscillation  is  small  and  the  pardcle  moves  out  again  in 
resonance  with  the  rising  edge  of  the  central  density 
oscilladon.  This  evidence  that  misalignment  effects  are  worse 
for  a  beam  with  small  tune  dqnession  is  another  reason  to 
explore  the  equipaitidoned  tune  of  Rg.  2. 

Energy  equilibration  via  equipardtioning  was  demonstrated 
by  injecting  an  unbalanced  beam  using  the  xx’  distribudon 
from  a  a/Oo  »  0.1,  and  yy’  from  a  o/Oo  »  0.83  distribution.  In 
10  ^wp,  the  rms  emittance  growth  was  damping  out  at  ->7-8%, 
but  the  maximum  radius  growth  was  abrat  25%  and  sdll 
growing  almost  linearly.  A  strong  central  density  oscilladon 
was  excited,  with  an  increase  in  maximum  radius  on  every  rise 
in  central  density. 

The  60-cell  bunching  secdon  a  high-current  RFQ  was 
also  studied  [13].  In  this  secdon,  the  beam  is  at  injecdon 
energy  and  encounters  a  steadily  rising  bunching  voltage.  The 
forming  bunch  makes  a  dme-dqioident  density  distribudon. 
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A  ftw  (order  02%)  pvticlet  were  asomalouriy  rqielled  strongly  conelated  with  very  close  encounters  with  the 
tongiMfi^lyte  from  the  bmeh  point,  in  some  esses  ^  the  truisverse  xx’yy’ origin, 
nexthneket  b  was  foesidthit  these  eiimordinaty  orbits  were 


Hg.  7.  Hamiltonian  oATo^>83  distribution  misaligned  50%  of  beam  radius  in  x. 


IV.  SUMMARY 

Better  knowledge  of  how  halos  are  actually  formed  gives 
specific  rationale  for  modeling  descriptions  of  total  beam 
b^vior,  devekiiMnem  oi  qiac^chaige  tune  architecture,  and 
scalingAqNimization  procedures.  In  future  work,  it  is  of 
interest  to  explore  the  features  (e.g..  the  relative  growth  of 
core  vs.  halo,  limiting  behavior,  addition  df  multiple  errors)  of 
each  type  of  perturbation,  plus  others  such  as  alternating 
gradient  focusing,  constant*beta  sections  of  acceleratar  ceils, 
and  graded-beta  acceleration  >  all  sources  of  time-dqKndent 
bdiavior.  There  ate  many  practical  aspects,  e.g.,  tune  strategy 
regarding  misalignment,  determination  ctf  adequate  aperture 
factors,  and  error  tolerances,  that  need  to  be  worked  out  P. 
Channell  has  b^nn  theoretical  modding  of  the  core/single- 
particle  interactkms,  and  R.  Gludcstem  to  sketched  a  model 
for  the  resonance  crossirig  with  self-limiting  behavior.  We 
most  tie  diese  together,  describe  the  tone  qvead  of  beams 
under  various  oonditioos,  and  relate  the  tune  qnead  to  the 
various  restmances  and  number  of  particles  that  will  be 
excited.  We  hope  to  use  this  new  insi^  into  the  actual  halo 
powth  mechanism  to  accom|dish  macro-nradeling  of  the  total 
beam  size. 
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IS  THERE  A  FUTURE  FOR 
HIGH  ENERGY  ACCELERATORS? 
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Abstract 


The  <|aestion  continuing  viability  of  high  energy  accel¬ 
erators  ae  instruments  of  fimdamental  physics  is  discussed. 
It  is  seen  that  the  next  decade  in  elementary  CM  energies 
beyond  SSC  may  be  achievable  with  accelerators  that  can 
be  imagined  now.  Beyond  that  there  is  room  for  doubt 
that  accelerators  will  Im  the  instrument  of  choice.  History 
teaches  that  there  is  a  good  likeUhood  that  our  perspec¬ 
tive  <m  the  matter  will  be  much  different  when  we  see  the 
results  from  the  few  TeV  region  of  elementary  collision  en¬ 
ergies. 


I.  Imperatives 

The  frontier  of  elementary  particle  physics  has  always  been 
defined  by  the  smallest  distance  scale  achievable  in  the  lab¬ 
oratory,  i.e.,  the  highest  achievable  collision  energies.  This 
inverse  relationship  between  spatial  resolution  and  roomoi- 
tum  implies  that  the  cross  secticms  of  interest  will  descend 
as  the  inverse  square  of  the  achievable  CM  collision  ener¬ 
gies.  Known  and  projected  cross  sections  for  our  current 
and  near  future  parameter  space  are  shown  in  Figure  1. 

11.  Goals 

In  the  *near  term”  we  need  to  find  and  explore  the  t, 
the  Higgi  mechanism,  the  gauge  structure  of  the  Stan¬ 
dard  Model  and  what  ever  else  might  crop  up  in  the  range 
between  lOO’s  of  GeV  and  a  few  TbV.  The  vehicles  will 
be  SSC/LHC  and  perhiqw  a  1/2  TeV  or  more  electron 
pontron  linear  collider  (LC).  These  we  will  consider  here 
to  be  more  or  less  in  hand. 

In  the  "mid  term”  we  have  the  energy  decade  beyond 
that,  say  a  few  hundred  TeV  for  pp  and  10  Tev  for  electron 
positron  odltsions.  Perh^w  weT  be  deep  into  supersym¬ 
metry  and  the  final  expose  oi  the  Sic;  or  seeing  the  first 
manifestaitions  of  strings  ot  more  likebr  something  that  we 
haven’t  imapned  yet. 


Figure  1:  The  elementary  cross  section  as  a  functkm  at 
collisi(»  energy 
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While  our  innfiiUktkMUi  Me  not  really  enable  deal¬ 
ing  with  the  term*  ^  aD  we  do  have  the  n<4k»  that 
aomething  manifMting  the  unifteatkm  of  all  the  known  in- 
teraetkiia  may  come  to  paae  at  the  10^  GSeV  level,  the 
Planck  aeale. 

We  have  to  aek,  are  theee  energiee  and  the  huninositiee 
inqtlied  even  thinkable  today?  For  the  regiona  juat  beytmd 
SSC  there  ia  already  a  body  of  literature  which  gr^>plM 
with  aotne  of  the  inqportant  iaauea{l,  2,  3,  4].  In  trying 
to  aee  even  further  beyond  we  need  to  atudy  aome  baaic 
conatrainta  on  aceeleratora  that  play  together  with  the  im- 
perativea  of  energy  and  luminoaity. 


III.  Further  Accelerator 
Constraints 

Imp<»tant  but  not  to  be  considered  here  are  continuing 
world  interest  in  elMnentary  pMticle  physics,  world  econ¬ 
omy,  other  human  factors  and  accelerator  and  detector 
tec^cdogy.  Here  we  will  focus  narrowly  on  energy(power) 
requiremoats.  While  the  det^  Me  different  for  PP  and 
e'*'e~  c<dliaions  the  overall  conclusions  are  similM. 

In  the  case  of  pp  we  note  that  a  certain  amount  of  energy 
is  dissipated  through  lost  pMticles  at  the  IP.  This  is  basic 
and  is  chMacteriied  by  the  total  inelastic  cross  sectiem. 
(Fm  purposes  of  illustration  we  shall  assume  for  a  moment 
that  the  wall  plug  to  beam  power  efficiency  the  machine 
is  100%.)  The  minimum  power  spent  ,or  dissipated,  is 

Au*Nk»»  Ecm:  (~l*WatSSC).  f  (1) 
Putting  that  togethM  with 


Niort  =  C  •  o)iMi 


(2) 


V.  Further  Accelerator 
Constraints  for  c+e" 


While  this  situatiem  is  a  bit  iiK»e  cmnplex  in  detail  fw 
e'*'6~  we  can  begin  with  similM  c<»siderations.  The  first 
basic  phenomenon  to  be  considered  is  beamstrahlung  the 
radiation  of  colliding  pMticks  in  the  collective  fidd  the 
oncoming  bunch.  This  process  is  chMseterised  by  an  rms 
fractional  energy  loss 


AEV  ^  0.22r;Ar»7 
E  /  ~  <Tl 


(5) 


For  physics  utility  this  energy  spread  must  be  kept  more 
or  leas  emutant  at  the  few  %  level.  The  specific  luminosity 
is  thus  limited.  (A  similM  phenomenon  occurs  in  pp  col- 
liaions  but  only  at  energies  well  beyond  those  considered 
above.) 

For  ungle  pass  lineM  colliders  such  as  Me  now  being 
considered 


Piit  —  i  (fi) 

Also,  as  is  well  known,  basic  relaticms  lead  to 


r« 


Pb-6^1^ 

• 

7C*,n 


(7) 


(Ideal  focusing  is  assumed,  i.e.,  no  Oide  limit).  Remem- 
^ring  that  luminosity  must  rise  with  energy  squared 


Pb  (8) 

Again  the  cube  c£  energy  spears  in  a  difficult  place. 


VI.  Consequences  for  c+c" 


and  the  fact  that  luminosity  must  scale  as  energy  squared 
we  find  immediately  that  the  dissipated  power  is  roughly 
pr<q><»tional  to  the  cube  the  energy.  If  we  assume  that 
the  lununosity  is  10”  in  cgs  units  at  40  TeV  in  the  CM 
and  use  the  high  energy  limit  of  the  Particle  Data  Book 
Cnmaila  for  the  indastic  cross  sectimt  we  get  a  formula  for 
the  dissipated  power  as  a  function  of  energy 

Ai.  (W1  ~  3.5  X  IO-'hSs  [5  fTeV] . 

(3) 


Before  converting  into  a  scaling  formula  for  max.  energy 
in  terms  of  available  power  we  should  take  account  ac¬ 
celerator  efficiency 

Pb  =  %c-b«wn  •  Ac-  (8) 

If  we  take  for  our  luminosity  calibration  point  a  figure 
of  10”  cgi  at  1  TeV  CM  and  use  beam  power  from  the 
hipest  specific  luminosity  version  of  LC(l/2  TeV),  [  0(1 
MW)],  together  with  the  efficiency  from  the  highest  efi^ 
ciency  version  (0.2)  we  can  get  and  use  a  scaling  fwmula 
fm  £  as  a  function  of  ac  power 


IV.  Consequences  for  pp 

If  for  the  moment  we  assume  that  we  need,  for  economic 
reasom,  to  fimit  the  dissipated  power  to  0(1  GW)  then  we 
can  solve  our  equation  for  center  of  mass  energy  to  find 

~  0  (4000TeV)  or  100  x  SSC/LHC,  (4) 

an  interesting  technical  challenge  for  both  detector  and 
accelerator  but  fM  short  of  the  Planck  scale. 


EfTeVj^j 


(10) 

Assuming  that,  for  fixed  energy  spread,  that  in  the  fu¬ 
ture  we  can  get  10  fold  improvement  in  emittance  and  2 
fold  improvement  in  efficiency  and  that  again  we  are  lim¬ 
ited  to  about  1  GW  in  ac  power,  we  find  the  maximum 
allowed  energy  of  about  5  TeV. 
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Ib  IluA  hvjfoni  you  noi^t  imaciiie  that,  ahica  en- 
argy  q»«aid  dua  to  baaimtnhhuig  ia  amaU  that  we  might 
laeovar  beam  energy  with  aome  efficiency,  [i|r]  which  ia  de¬ 
fined  to  include  energy  loat  to  bearaatrahlung.  Our  formula 
k  then  modified  in  a  tranqtarent  way  to 

En»c = 

For  a  90%  recovery  effidenqr  we  get  a  CM  energy  about 
llTsV. 

Theae  examplea  ate  beamatrahlung  limited.  Suppoae 
that  we  ate  able  to  apply  aome  aort  of  beam  neutraliia- 
tion  uaing,  f<»  example,  4  beams  (e'*‘e~e'*'e~)[5]  and  thus 
avoiding  beamatrahlung  to  a  large  degree.  We  still  have 
the  individual  particle  colliakHis  (Bethe-Heitler  cross  sec¬ 
tion)  to  make  radiation  which  will  be  loat  from  the  aystem. 
The  power  dianpated  at  Uie  assumed  luminosity  at  1  ThV 
will  be  about  2kW.  This  leads  to  an  ultimate  limit  of  85 
TeV  if  we  restrict  oursdves  to  1  GW  dissipation. 

Bef(»e  leaving  this  subject  one  might  note  that  the  EM 
process  we’re  confronted  with  would  be  nmch  eased  if  we 
could  cdlide  muons.  This  has  not  been  included  because 
the  problem  of  production  and  damping  seem  too  daunt¬ 
ing  the  face  of  the  need  for  mergy  squared  scaling  of  the 
luminosity.  Perhaps  the  future  will  show  this  too  dim  a 
view.  Alao  there  are  proposals  fi»  photon  colliders  but 
from  the  preamt  perspective  the  energy  requirements  seem 
even  more  restrictive  than  cases  mention^.  Again,  per¬ 
haps  the  future  will  find  a  way  around  this  restriction. 

VII.  Further  Considerations 

We  have  somewhat,  but  not  conq>letely,  arbitrarily  chosen 
1  GW  as  our  allowed  power  c<Misun4>tion  limit.  Noting 
that 

EocPi'*,  (12) 

we  see  that  a  large  change  in  allowed  power  would  be 
needed  for  even  a  modest  change  in  top  energy.  Never- 
theleas,  perhaps  we’re  thinking  too  small.  In  the  Amateur 
Scientist  cdumn  of  the  April  1989  Scientific  American[6] 
it  is  suggested,  albeit  tongue  in  cheek,  that  the  power  fr<xn 
the  sun  might  be  the  aq>propriate  limit  for  a  Planck  mass 
accelaator  at  10^  W.  However  using  our  third  power  scal¬ 
ing  law  we’d  need  something  like  10**  W  to  have  the  scaled 
luminosity  it  appears  we  would  need.  Perhaps  an  inter- 
galactic  collaboration  is  needed  to  do  the  job. 


current  undmtandings  and  can  <mly  be  used  as  a  hint  in 
which  directum  we  should  try  to  progress.  It  does  seem 
from  the  above  consideratioas  that  one  rtrong  emphasis 
needs  to  be  energy  consumption  per  important  discovery. 
Perhaps  we  could  hrip  our^ves  focus  <m  energy  or  inte¬ 
grated  power,  IP,  by  rating  our  designs  with  an  integrated 
power  factor,  IPF,  giving  the  energy  needed  to  produce 
one  interesting  event.  One  would  use  s<Mne  standard  el¬ 
ementary  cross  section  like  the  annihilation  cross  sectkm 
into  muon  pairs  at  the  CM  energy  of  momentary  intmest. 
For  example,  at  0.5  TeV  our  most  cq>timistie  "design’’  for 
scaling  required  about  5  MW  at  10*  mu  pairs  per  10' s 
year  or  5^  J  per  10*  events  for  an  IPF  cf  5  GJ/event. 

In  closing,  let’s  borrow  an  analogy  from  Prc^.  Okun[7]. 
He  sees  the  progress  of  ph^cs  as  the  building  at  a  cathe¬ 
dral  of  physical  understanding.  Accelerator  based  scien¬ 
tists  are  building  up  from  the  foundation  and  tim  cosmolo- 
gists  and  "theoretical”  theorists  are  building  from  the  top 
down.  We  can  hope  that  they  will  actually  be  able  to 
meet  somewhere  inbetween  in  a  region  accessible  to  ac¬ 
celerators.  In  this  way  we  might  hope  to  coiiq;>lete  the 
cathedral  even  though  accelerators  can  only  cary  us  part 
way  to  the  Planck  scale. 
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VIII.  Outlook  M  ^  formulae  I  have  followed  the  common  notations 

alao  used  in  refr.  1-4. 

OiM  should  not  take  the  details  such  predictions  too 
seriously  nor  should  one  be  overly  discouraged  by  them. 

After  all  our  f<»bears  have  spent  the  last  50  years  building 
what  was  seen  by  the  sages  each  generation  as  "the  last 
machine”.  Our  visions  are  clouded  by  the  limitaticms 
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BUSSiXENNEIHA. 

ROCKWELL 
PO  BOX  263 

WELLSVlLLE,irT  84339 
PH(»4E:  801-777-8240 

BLVBM.HANSP. 

LSU-CAMD 

6980  JEFFERSON  HIGHWAY 
BATON  ROUGE,  LA  70806 
PHONE:  304-925-7071 

BLUM,ER1CR 

BROOKHAVEN  NATIONAL  LABORATORY 
BL00725C 

NAIL  SYNCHROTRON  LIGHT  SOURCE 
UPTON,  NY  11973 
PHONE:  316-282-2438 

BLUMBERG,Lra0YN. 

BROOKHAVEN  NATIONAL  LAR 
NSLSBLDG723CBNL 
UPTON,  NY  11973 
niONE-  516-282-4600 

BOCCARRPAUL 
OLD  DOMINION  UNIV 
PHYaCSDEPT 
NORFOLK,  VA  23529 
PHONE:  804683-3^ 

BOGACZ,ALEX& 

FERMI  NATL  ACCELERATOR  LAB 
PO  BOX  500,  MS  345 
BATAVIA,  IL  60510 
PHONE:  708440-3873 


BOGRMICHAKL 

irasY 

NOTXESTR8S 
2000HAMBURO,  32 
GERMANY 

PHOraS:  04M9942736 

BOaRr,V.DIX«N4 
FERMILAB 
MS  323,  PO  BOX  300 
BATAVIA.il  60510 
PH(X4B:  7I»«4IM010 

B(»N,  COURnANOT  U 
AROONNB  NATIONAL  LAR 
BP-207 

9700  S.  CASS  AVR 
ARGONNE.il  60439 
PHONE:  708-2524871 

BORDOLEY,  MtMUBCHAl 
BROOKHAVEN  NATIONAL  LAB 
BLD0725B 
UPTON,  NY  11973 
PHONE:  518-2824768 

BORDUA,  MICHAEL  a 
LAWRENCE  BERKELEY  LABORATORY 
1  CYCLOTRON  RD,  MS  64-121 
BERKELEY.CA  94720 
PHONE:  510-486-7709 

BORLAND,  MICHAEL  a 
ARGONNE  NATIONAL  LAR 
BLDG.  360 
9700  S.  CASS  AVE 
ARGONNE,  IL  60439 
PHONE:  706-2524205 

BOSCa  ROBERT  A. 

SYNCHROTRON  RADIATON  CENIER 
3731  SCHNEIDER  DR 
STOUGHTON,  WI  53589 
niONE:  608877-2197 

BOSSERJACXIUES 

CERN/PS 

1211  GENEVE,  23 
SWnZBRLAND 
PHONE:  767-3784 


SqtnCHLBVMBADBAVB 

imuas;tx  mxr 

raONB:  214>m34S9 


■OWLMGtinUCIA. 

CEBAF 

laoQOjBmnsoNAVB 
NBimHcrNB«irs,VA  xam 
PHONE:  n^^nn 

W0Hat,masAmM. 

SSWL/SLAC 

MS  M,  2STS  SAND  HILL  RD 
MBNLOPARK,CA  9402S 
PHONE:  415-«a64441 

WCflBtiOmK. 

LUC 

p.aBoxaas 

LlVERMORB,CA  94SS0 
PHONE:  51(Ma4783 

■OZl(Na,BVA 

mOOKHAVEN  hMlIONAL  LABORATORY 
HLDG72SC 

NATL  SYNCHROTRCm  UOKT  SOURCE 
UPTON,  NY  11973 
PHONE:  S16-28^3701 

BRENNAN,  JOSEPH  M 
BROOKHAVEN  NATIONAL  LAB. 
A(»IffiPT.911B 
UPTON.  NY  11973 
PHONE:  S1A.2S2-37SS 

BRESSLER,  VINCENT  E. 

SLAC 

2S75  SAND  HILL  RD 
BIN  21 

MENLO  PARK,  CA  94301 
PHONE:  415-926-4010 

BRlANlLCKMtGIO 

CERN 

ACDIV.-CH-1211 
23GENEVA,  CH1211 
SWITZERLAND 
PHONE:  412-276-73153 


■RnXHB,  JAMBS  P. 

AROONNB  NATKTNAL  LAH 
9700  S  CASS  AVB. 

371T 

ARO(mNB,IL  60439 
PHONE:  7DUS3J966 

niOG3;RiCHAlDJ. 

SSC  LABORATORY 
2550  BEELBYMEAM  MS  1072 
DALLAS,  TX  75237 
PHONE:  214-70S.54Q3 

■ROUE.  VICTOR  1. 

SSC LABORATORY 
2550  BECKLEYMBAK  AVE. 
DALLAS,  TX  75237 

BROWMAN.M.JEAN 
LOS  ALAMOS  NATIONAL  LAB 
MS  1025  GROUP  AT-7 
LOS  ALAMOS,  NM  87544 
PHONE:  505-667^108 

BROWN,  NATHAN  A 
UNIVERSITY  OP  MARYLAND 
LAB  FOR  PLASMA  RESEARCH 
COLLEGE  PARK,  MO  207«I 
mCWE:  301-405-4967 

BROWNE,  MfCHABLJ. 
SLAC/STANPORO  UNIYERSnY 
P.O.  BOX  4349 
PALO  ALTO.  CA  94309 
PHONE:  415-926-2680 

BRUHWILER,  DAVID  L. 

GRUMMAN  CORP.  RES. 

4  INDEPENDENCE  WAY 
PRINCETON,  NJ  08540 
PHONE:  609-520-1807 

BRUNS,  WARNER 
TU-BERUN 
EINSIEINUFEIY 
1000  BERLIN,  10 
GERMANY 

PHONE:  49-30-31423441 

BUDNICK,  JOHN  E. 

IND.  UNIV.  CYCLOTRON  FACHITY 
2401  MILO  SAMPSON  LANE 
BLOOMINGTON,  IN  47408 
PHONE:  812-855-2932 


BURNETT,  DANIEL  A 
TEKTRONDLINC 
PO  BOX  6026 

aArniERSBURG,MD  20884-6026 
PHONE:  301^990-7548 

BinNHAM,  BBNILBV  H. 
DUKBUNIVERSnY 
BOX  90319 

DURHAM,  NC  277084819 
PHCN4E:  91A660-2644 

BlSa,  WINTRIED  WJLA 

HAHN  MEITNER  INST  BERLIN  GabH 

BEREICH  SCHWERIONENPHYSK 

KRUN,  D-14109 

GERMANY 

PHONE:  493080092330 

ByERS;BOB 

CEBAF 

12000  JEFFBRSONAVE 
MS16A 

NEWPORT  NEWS,  VA  23602 
mONE:  a04-24A7127 

mnaLJOHNM. 

LAWRENCE  BERKELEY  LABORATORY 
1  CYCLOTRON  RD,  MS  71 259 
BERKELEY,  CA  94720 
PHONE:  510-4806929 

CALSHAO-YANG 
UNlVERSnY  OF  MARYLAND 
LAB  FOR  PLASMA  RESEARCH 
COLLEGE  PARK,  MD  20742 
PHONE:  301-405-1605 

CALYUNHAl 

SSCL 

2550  BECKLEYMBADE 
DALLAS,  TX  75237 
PHONE:  21A7D04533 

CALABREITA  LUCIANO 
INFN 

VIALE  A  DORIA  ANG  S  SOFIA 

CATANIA,  95125 

ITALY 

PHONE:  95S-42^59 


cujmt,jarw. 

UraVBRSny  OT  MARYLAND 
BdbQY  RESBAKOl  BLVD 
00LLB(»SPA1IX.MD  TOHH 
raorat  301-4QS^<M2 

QUJDnKNI,  MANUAL 
LLNL 

‘mnBASTAVBNUB 
LIVBItMOItE,CA  MSSO 
nKWOB:  5104224800 

CALLAHAN,  MDUM 
LLNL 

FOBOX808L-7M 
UVERMORB,CA  94SS0 
HiCmB:  5104244066 


CAKLSON.  BANMMn  L. 

LOS  ALAMOS  NATIONAL  LAB. 
GROUP  M4.MS.P940 
LOSALAMOS,NM  87S45 
PHCmE  5(B4694754 

CARL5IEN,  BRUCE  E. 

LOS  ALAMOS  NATIONAL  LAB 
MSHS2S,AT-7 
LOS  ALAMOS.  NM  87544 
raONE:  505462.3980 

CARLTON,  UNDA 
CEBAF 

12000  JEFFERSON  AVE 
NEWPORT  NEWS.  VA  23606 
PHONE: 


CALLIN,  RICHARD  & 

STANFORD  UNBAR  ACCELERATOR 
P.aBOX^ 

MSSO 

STANFORD,  CA  94309 
PHCmE:  41542M418 

CALVIXLJACE 

LAWRENCE  raRKELEY  LABORATORY 
1  CYCUmtON  RD  njDO  64/220 
BERKELEY.  CA  94720 
PHONE:  5104865595 

CAMERON,  PETER  R 
BROOKHAVEN  NATIONAL  LAB 
BLDG  830 
UPTON,  NY  11973 


CARR,ROGER& 

SLAC 

PO  BOX  4349 
STANFORD,  CA  94309 
niONE:  4154263965 

CARROLL,  LEWIS 
CTLINC 

810  INNOVATION  DR 
KNOXVILLE,  TN  37932 
PHONE:  615466.7539 

CARTER,  ANTHONY 
MTT 

PO  BOX  846 

MIDDLEroN.MA  01949 
PHONE:  617.2454600 


CAMPISLlSmORD 

CEBAF 

12000 JEFFBRSONAVE 
NEWPORT  NEWS..VA  23606 
PHONE:  804-249.7650 

CAPORASo^craHKaej. 

LLNL 

TO  BOX  5508 
L440 

LIVERMORE.  CA  9^ 
PHONE:  510422-2752 

CAREY,  DAVE 
FBMHAB 
PO  BOX  500 
BATAVIA,  n.  60563 
PHONE:  7084403639 


CARTER,  HAMILTON  B. 

BOX  2767 

mo  SPRING,  TX  79721 
PHONE:  915-2674717 

CARDS,  BRIAN  F. 
AMBRSHAM/MEDLPHYSICS 
3350  N  RIDGE  AVE 
ARLINGTON  HGTS,IL  60004 
PHONE:  7003984400 

CARWARDINE,  1(«N  A 
AEA  TECHNOLOGY,  CULHAM 
7722  STEVENS  ST. 

DARIEN,  IL  60561 
PHONE-  708-7894011 


CAKIDIAKIS;  GBOHOE 

SLfiC 

PO  BOX  4349 
MS-33 

STANFORD,  CA  94309 
PHONE  41542624« 

CASPLSHUMIO 

LAWREMX  BERKELEY  LABORATORY 
1  CYCLOTRON  RD.  MS  46-161 
BERKELEY.  CA  94720 
PHONE  510486-7244 

CASSEL,  RICHARD 

STANFORD  LINEAR  ACCELERATOR 
2575  SAND  HnX  RD.  MS49 
MENLO  PARK,  CA  94025 
PHONE  4154263299 

CASnO  GARCIA,  PEDRO 

CERN 

CM-1211 

GENEVA  23, 

SWriEERLAND 
PHONE  04-22-7675217 

CAlSSyN,DAVlDa 
IND.  UNIV.  CYCLOTRm  FACILITY 
2401  MILO  B.  SAMPSON  LANE 
BLOOMINGTON,  IN  47408 
PHONE  8124554196 

CAVALLARLGKHKHO 

CERN 

CH 1211  GENEVA. 

SWITZERLAND 
PHONE  -  - 

CAYUHLRfmaiT 

LAWRENCE  BERKELEY  LABORATORY 
1  CYCLOTRON  RD  mJXl  46/161 
raRKELEY.CA  94720 
PHONE  5104866483 

CELAXA,  CHRISIDiB  M. 

LAWRENCE  BERKELEY  LABORATORY 
1  CYCLOTRON  RD.  MS  47-112 
BERKELEY,  CA  94720 
PHONE  510486-7740 


cnmniJBu.  Rpnaco 

mFN4iaK>RAT0iaNAZDl  LBONARO 
LAB  NASOONAU  1»  LBONARO 
00 

LBONARO,  i-asoao 
nvu.Y 

PHONE:  Oi»M»<823Sl 

champicm«,habk& 

FBRMILAB 
WILSCmAKlRK 
RBCEIVINODEPT 
BATAV1A.il  «0810 
PHCmS:  TDBBMMItt 

CHAN,  CHUN  FAI 

LAWRENCE  BERKELEY  LABORATORY 

1CYCL0TR(»1RD 

4-230 

BERKELEY.CA  94720 
PH(»4E:  nO-48A-7912 

CHANG,  CHBMG  HSIANG 

SYNCHROTRON  RADIAllCm  RES  CTR 

NOLRBDROADVI 

HSINCHU  SOEASED INDUSTPARK 

HSINCHU,  30077 

TAIWAN,  RO.C 

PIK>NE:  886^3740281 

CHANG,  CHURUI 
SSCL 

2SS0  BECKLEYMEAPE  AVE 
MS  1043 

DALLAS,  TX  7S237 
FHCWE:  214-7IB43K 

CBAO^ALCXW. 

SSC  LABORATORY 
2SS0BBCKLEYMEADB 
DALLAS;  IX  TS237 
PHCmB:  214-7085361 

CHAO;Yt7CHIU 

CEBAF 

12000  JEFFERSON  AVE 
M&12A 

NEWPORT  NEWS,  VA  23606 
mom  804-2494292 


CHAPMAN,  (BDULD 
SSCL 

2SS0  BBCKLEYMEADE  AVE 
S1E12S 

DALLAS,  TX  7S237 
PHONE:  214-7084330 

CHARGIN,  ANIHONY  K. 

LLNL 

POBOX808L444 
LIVERMORE,  CA  94SS0 
PHONE-  3184224196 

CHARLTCm,  GORDON  E 
US  DEFT  OP  ENERGY 
19901  GERMANTOWN  ROAD 
GERMANTOWN,  MD  20874 
niONE  301-903-4801 

CHASE,  BRIANE 
FERMHAB 
MS  308,  FO  BOX  300 
BATAVIA,  E  60310 
PHONE  7084404040 

CHATTOPADHYAY,  SWAPAN 
LAWRENCE  BERKELEY  LABORATORY 
1  CYCLOTRON  RD.  MS  871H 
MS-71-2S9 

BERKELEY.CA  94720 
niONE  318486-7217 

CHEL,STEPHANE 

CEA/SACLEY 

DAn41A\SEA 

91191 OIPSUR-YVETIB 

GIF\YVBTIE  91191 

PRANCE 

PHONE  331-69847420 

CHEN,  BO 
SSCL 

2330  BBCKLEYMEADE  A^QB 
MS-1042 

DALLAS,  TX  75237 
PHCN4E  214-7084311 

CHEN,  CHIPING 

MASSACHUSETTS  INST.  TECHNOLOGY 
MIT  PLASMA  FUSIN  CENTER 
CAMBRIDGE  MA  02139 
PHONE  617-2334506 


CHET^CHUNG-HSIN 
imiV  OF  MARYLAND 
LAB  FOR  PLASMA  RESEARCH 
COLLEGE  PARK,  MD  20742 
PHONE  301-4034998 

CHEN,naN 

STANFORD  LINEAR  ACCELERATOR 
FO  BOX  4349.  MS-26 
STANFORD,  CA  94309 
PHONE  4134284384 

CHEN,SENYU 

SSCL 

2330  raCKLEYMEADE  AVE 
MS  9000 

DALLAS,  TX  73237 
PHONE  214-7084516 

CHEN,SHIENCH1 

MTT 

NW16-176,MIT 
CAMBRIDGE  MA  02139 
PHONE  617-2534833 

CHEN,TC  a 
SLAC 

aACMS2E 
P.O.  BOX  4348 
STANFORD,  CA  94309 
PH(»«B:  4154264527 

CHEN,YV41UAN 

LAWRENCE  LIVERMORE  NATL  LAB 
FOBOX8ae,L440 
LIVERMORE  CA  94330 
PHONE  318^24830 

CHENG,  JACKC 
UNIVERSITY  OF  MARYLAND 
LABORATORY  FOR  PLASMA  RE^ARCH 
COLLEGE  PARK,  MD  2070 
THONE  301-4054010 

CHENG,  WEN-HAO 
UNIVERSITY  OP  MARYLAND 
DEPTOPniYSICS 
COLLEGE  PARK,  MD  20744 
PHONE  301-405-6188 


aOENQilOlO 

STHCmCnCWMADIATKmRESCnt 

N01.RADROADV1 

HSDCHU  SCMASBD  iraXJSr  FASK 

naOKHU.  30QT7 

IMWAHltaC 

moNB  aausMoan 

CnSOFt  FBIUFR 
CBA<SN/SACLAY4>6 
OIPSURYVBnE,  91191 
FRANCE 

nWWB:  331-69a««43S 

CHlAm,I-HUNG 
BROOKHAVEN  NATIONAL  LAE 
BU1L01N0911B 
UFroN.NY  11973 
PHONE-  51640-7903 

CHIN,  JOHN  WXk 

LAWRENCE  OBRKELEY  LABORATORY 
1  CYCUnRONRDBliX)  46/161 
raRKELEY.CA  94730 
mONE  Sl(M86-7336 

CBIN,Yl(H4GHO 

LAWRENCE  BERKELEY  LABORATORY 
1  CYCLOIRON  RD,  MS  871H 
BERKELEY.  CA  94730 
PHtmE  510-4865614 

CHiOU,1ZEN&CHIH 

UEC 

POWELL  HALL 

UNiVBRSrrY  OFSOimiBRN  CAL 
LOS  ANGELES.  CA  90089 

CHO^MOO-HYUN 

PAL/POSTECH,  KOREA 

FO  BOX  135 

POHANO 

SOUTH  KOREA 

PHCmS:  835537-83075 

CHaYANClAl 
AR0ONNE  NATIONAL  LAB 
9700  S  CASS  AVED460 
AttOCmNEE  60439 
mOfm:  7084535616 


CHO^VCmCSUB 

SEOUL  NATIONAL  UNIVBRSirY 
DEPT  OP  NUCLEAR  ENGBffiERlNO 
SEOUL,  151-743 
KOREA 

PHONE:  038507413 

C«H,J1NBYUK 

PAL 

PO  BOX  135 

POHANO  KYUNGBIBC,  790600 

SOUTH  KOREA 

PHONE-  835537-93993 

CHQJNACKLERIC 
AROONNE  NATIONAL  LAB 
97Q0SCASSAVE 
AROONNE  IL  60439 
PHONE-  708453-6099 

CKMJliWEIREN 

SSCL 

2550  BBCKLEYMEADE  AVE 
MS-1042 

DALLAS,  TX  75237 
PHONE-  214-7084»4 

CHOW,CARS(N4C 
UNIVERSTIY  OT  COLORADO 
EffiPT.OPAPAS 
UNIVERSITY  OP  CXXX>RADO 
BOULDER,  CO  803095391 
PHONE  303493-5659 

CHUNG,  KIE-HYUNG 

SEOUL  NATIONAL  UNIVERSITY 

NUCLEAR  ENG  DEFT 

SEOUL,  151-742 

SOUTH  KOREA 

PHONE  028530504 

CHUNG,  YOUNOIOO 
AROONNE  NATIONAL  LAB 
nLD0.^6^Aa> 

97D0& CASS  AVE 
AROONNE  IL  60439 
PHONE  708-253-4601 

CIAPAIA,  EDMOND 
CERN 

a- DIVISION 
1311  GENEVA,  23 
SWITZERLAND 
PHONE  (a^767-4387 


CIUUACIUSEPPS 

tSPN 

PHONE  498493-05 

CLARK,  DAVID  J. 

LAWRENCE  BERKELEY  LAE 
ICYCLOTRimROAD 
BLDG.  88 

KRXELEY.CA  94730 
PHONE  510-486-7812 

CLAYTOE  CHRISTOPHER 
UCLA 

56-125B  ENGR IV  BUnJHNO 
LOS  ANGELES.  CA  90034 
mONE  310-206-3a» 

CLAYTIMf,  THCMIAS  M. 

SSCLAE 
MS  1040 

2550  BECXLEYMEADE  AVE 
DALLAS,  TX  75237 
PHCWE  214-7084566 

CLENDENDL  JAMES  E 
SLAC 

POBOX4348>BIN66 
STANFORD,  CA  94309 
PHOra;  415536-2962 

CLINE  DAVID 
UCLA 

4Q5HILGARDAVE 
LOSANGELES,CA  90034 

CLOUT,  PEIERN. 

VISTA  CCtfOROL  SYSTEMS  INC 
134EASraATEOR#B 
LOS  ALAMOS,  NM  87544 
PHONE  5055634484 

COGHILL,  OMCnANDT 
BABCOCK*  WILCOX 
PO  BOX  785 

LYNCHBURG,  VA  34502 
PHONE  8045225330 

aMSAGAN,  AHMET 
IBA 

CHEMIN  DU  CYCLOTRON,  2 
E1348  L0UVA1N4A-NEUVE 
LOUVAIN, 

OSLOIUM 

PHONE  321-047-5890 


COUiHNll. 

SSC LABORATORY 
2S30BBCKLEYMBADBAVE 
MS  4011 

DALLAS.  TX  7S237 
mONB:  214-9384009 

CXXJ;  MICHAEL  a 

GRUMMAN  AEROSTACE*  ELECTRONIC 
MS  AOl-M  GRUMMAN  OORP 
BBniPA<S,NY  11714 
PlKWffi:  5169464976 

COLEMAN,  DALE  P. 

SSCL 

2SS0  BECXLEYMEADB  AVB 
MS  4010 

DALLAS,  TX  7S237 
PHONE-  214-7069766 

counm,  EUGENE  P. 

U^  DEPT OP ENERGY 
2SS0  BECXLEYMEAOE  MS  1020 
DALLAS,  TX  7S237 
PHONE  214-7064421 

C(miM,MANCNEL& 

LAWRENCE  BERKELEY  LABORATORY 
1  CYCLOTRON  RD,  MS/71-H 
BERKELEY.CA  94720 
PHONE  5164865076 

COI«IANT,1ED 

SLAC 

PO  BOX  4349 
MS50 

STAPTORD.CA  94309 
PHONE  4154265905 

COWER,  BWIALDG. 

BOAO/EM 
130  RlWm  HILL  RD 
OCEBrA.CA  93117 
naONB:  805-681-2325 

COBBErr,  WILLIAM  J. 

SLACySOL 
PX>.  BOX  4349 
MMLSTW99 
STAPTORD,  CA  94309 
PHONE  4154265645 


aNEETT,  JOHN  N. 

LAWRENCE  BERKELEY  LABORATORY 
1  CYCLOTRON  RD.  71-259 

BERKELEY.CA  94720 
PHONE  5166865228 

CORNACCHlA,MAX 

SLAC 

PO  BOX  4349,  MS  69 
STANFORD,  CA  943094210 
PHONE  4154265906 

CORNELIUS,  WAYNE  a 
SAIC 

4161  CAMPUS  POINT  CT. 

SAN  DIEGO,  CA  92128 
PHONE  619-458-3793 

awNEUinsEN,  smv 

CEBAF 

12000  JEFFERSON  AVE 
NEWPORT  NEWS,  VA  23606 
mONE 

CORl(N41S,SUSANa 
DEPAKIMEKT  OF  ENERGY 
2S860LEN0YLB0R 
VIENNA,  VA  22181-5511 
PHONE  703-281-9194 

COSIRELL,  LOUIS 

NAIL  INST  OF  SIDS  ATBOEiOLOGY 
24S/C229 

GAnHERSBURG,MD  20899 
PHONE  301-9755608 

COUntAKON,  GE(»GE 

LOMA  LINDA  UNIV  MEDICAL  CENIER 

11234  ANDERSON  ST 

DEPT  RADIATION  MEDICINE 

LOMALINDA.CA  92373 

COVNE,J.  JOSEPH 
SSC LABORATORY 
2550  BECKLEYMEADE  AVE 
MS  9000 

DALLAS,TX  75237 
PHONE  214-7064535 

CRADDOCK,  MICHAEL 

TRIUMP/UBC 

4004  WESBROOK  MALL 

VANCOUVER,  BC  VSITAS 

CANADA 

PHONE  604-222-1047 


CRAFT,  nMC 
LSU-CAMD 

3990  W  LAKESHORE  DR 
BATON  ROUGE  LA  70003 

CRAWPraaJOHNF. 

PRL 

CH-5234VILL1ZEN, 

SWITZERLAND 

CRAWFCHta  KENNEra  W. 

CEBAF 

12000  JEPFERFSON  AVE 
NEWPORT  NEWS,  VA  23606 
PHONE  804-249^7409 

CRIST,  CHARLES  E 
SSCL 

2SS0  BEGKLEYMBADB  AVE 
MS:1043 

DALLAS,  TX  75237-3997 
PHONE  -  • 

CURRY,  BILL 

ARGONNB  NATIONAL  LABORATORY 
9700  SOUTH  CASS  AVE 
ARG(»4NEa  60439 
PHONE  708-252-7683 

CURTIN,  MARKS. 

ROCKWELL  INIL 
4429  LUBBOCK  DR 
MMIVALLEY.CA  93063 

CUKIIS;  CHRIS 
CEBAF 

12000  JEFFERSON  AVE 
NEWPORT  NEWS,  VA  23606 
PHONE  -  - 

CUILER,R0yL 
SSC  LABORATORY 
2550  BECKLEYMEADE  AVE 
DALLAS,  TX  75237 
PHONE  214-7064221 

D*AURIA,JOHNM 
MMON  FRA^  UNIVERSITY 
DEPARTMENT  OP  CHEMISTRY 
BURNABY,  BC  V5A156 
CANADA 

PHONE  604-291-4607 


MOQiQMVBNI^tlOHALl^ 

iUMiSSB 

1BFION.NY  11919 

raONB:  SlMKMSia 

BMDUKBr. 

aaCLfUKlltATORY 

WBaCtBYliBADeAVB 

Msim 

iMUARix  ma 

matm  aM-m-icao 

BAINBLLI,  ANTONIO 
09N4ABC»tAT(»lNAZDl  LBCniARO 
LAB  MI2K»IAU  ra  LEGNARO 
GO 

LBONARO,  MS020 
ITALY 

FHONB:  QI044M2923S2 

BALUn^LBO  ROBERT 

LOS  ALAMOS  NAIKBML  LABORATORY 

RaB0X#MS3 

MSIBaO 

LOSALAMORNM  SBIS 
TWWS:  SOMfiT^MM 

BMfAWLBAKAN 

MANNB  SIBOBAHN  INST  OP  raYSKS 
S-mtSSTOaOKHM, 

SWBtW 

PHONE;  ASB-Ml-OSB 

BiufLY,nnjCBa 
tor,  nASRM  Fl«ION  CENTER 
MnvNWM-m 
CAIWRllXiE.  MA  02139 
FHONB  617-0934454 

mYIRFBPBG. 

UCLA/EB 

ENaiV,IBiS6-U» 

LOSANGBBLBRCA  90QM 
FHCWE:  31042S4O12 

BAVIRTIMOTRr 
CORNELL  UNIVERSnY 
9O9I01GHELLST 
nMACA,NY  14890 
FHOPB;  6OM0O9S2 


1NIJ0NG»MARX& 

ABCL  RESEARCH 
CHALK  RIVER  LABORATOIOBS 
CHALKRIVBRON  KQl-UO 
CANADA 

PHONE:  619SS4.3311 

DRMASCURBAILJEAN 

CBA 

CEAAXSTABP2 
LBBARP,  33144 
FRANCE 

PHONE:  566447-72 

DBADRICK.  FREKRiCK  J. 

LLNL 

PO  BOX  5506 
L440 

LIVERMORE,  CA  94550 
PHONE-  5104224511 

l«AT(m.JAMESa 
US  ASSOC 
PO  BOX  1500 
HUNISVIULEAL  35807 
PHtXOB:  2DS4SS4779 

IKBENHAM,  PHIUP  a 
DEPT.  OP  ENERGY 
19901 OERMANTOWN  RD. 
OEniAStaWHMD  20674 
PH(M4E  3014Q352a 

lffinAK,TBDW. 

GRUMMAN  CORPORAIKm 
SIEWART  AVE,  M/S  B29^2S 
BBTHPAGENY  11714 
PHONE  516575-3691 

IffiCKER,  FRANEJOSEP 
SAC 

P.O.  BOX  4349 
MAIL  STOP  66 
STANFORD,  CA  94309 
PHONE  4154264645 

l»CKER,<aENN 

ARGONNE  NATKM4AL  LABORATORY 
97D0S.  CASS  AVE 
ARGONNE  a  60439 
PHCmE  7D8-2S2663S 


DBPOREXXINF. 

LLNL 

PO  BOX  5506 
L440 

LIVERMORE  CA  94550 
PHONE  510423-5118 

HHimmcMP,  HMsr 
INST  FUR  ANCBSWANDLB  niYSK 
Rcneitr  MAYER  SIR.  24 
D40S2S  FRANKFURT, 

GERMANY 

PHCmE  069L7964807 

KLAVEEJEAN 
ARGONNE  NATIONAL  LAE 
9700& CASS  AVE 
ARGONNEE  60439 

DBLHEZ,  CARLO 
EINDHOVEN  UNIVERSmr 
PO  BOX  513 
5600MB  EINDHOVEN’ 

NETHERLANDS 

PEUKARIEMMmn 

CBRN  AT.  CR  CRYOOBNIC  GRP. 

CH  mi  GENEVA 

SWITZERLAND 

PHCME 

DBLL»GBOBGBP. 

BROmOIAVEN  NAIKMAL  LABORATORY 
BLDO.  10055 
UPlXXiLNY  11973 
PHONE  5164824348 

DEN  BARTOG,  PATRIC  a 
GRUMMAN  AEROSPACE  CORPORATKW 
(VO  ARGONNE  NATL  LAB 
9700  S  CASS  AVE  BLDG  367 TRl 
ARGONNEE  60139 
PHONE  706-7394010 

DBNARE  JEAN4XAin«  R 
CSBAP 

MS  16A,  12000  JEFFERS(X4  AVE 
NBWPORTNEWEVA  23606 
PHCmE  804-249-7555 


MMQiWm&lllfO 
iMOOnHUWm  NAnCMAL  IJA 
BunAMmofis 
vnoum  um 
mOHBk  S1««M»7 

MBaBM^BUKMLATB 

UMVBRSnY  OP  MKSIKMN 
RANDALLLAB 
A»WAItBCM(.iilI  4n»lU0 
[  riKme;  simm-ssm 

I 

BBBi*Dn;f!Ma.p. 
uravERsmr  <»  MiaiiaAN 
FBRIOLABMSSlt 
PO  BOX  500 
BA1AV1A.il  00510 
mcmE:  IDOMO^WS 

DBSMONlLBmOOlIDJ. 
MUXMOIAVEN  NAHONAL  LAB 
BLDQ'nSB 
UFTTOLNY  \Vm 
PHCmB:  SIMGMKS 

DBSP^OaCABa 
AROONNE  NAIKmAL  LAB. 

9900  S.  CASS  AVE 
BLOasOBT 
AR0(»4NB.1L  00439 
PIKME:  X»3S7-7140 

DBSALEE  WILLIAM  W. 

WOVCB' MARYLAND 
BBIffiPT 

a»JLBGBPARK.MD  20943 

nKBOR  301.405-3083 

HmrAlA  MARYANN 
IBBB 

BIAMONB^  WILLIAM 
ATOMIC  BNBRGY  (W  CANADA 
CHALK  RIVER,  ONTARIO.  BOlllJO 
CANADA 

TMONB;  013.384.3311 

•t 

nafer,  CARLE. 
DIflBIBIVBRSnY 
lBLiAEBax9an» 
ounAM.Nc  tmuao 
mam  91940MOOS 


MMABOO^JOaPHN. 

LOS  ALAMOS  NATICM4AL  LABORATORY 
AT-LMSHU? 

U)SAiMao8,m  gjs^ 

PHONE:  5Q530S-1994 

DIMAnA,GII]nPPB 

DBS 

UNIVBRSTY  OP  CALABRU 

RElRffi.  09030 

fTALY 

PIKX4E-  398.19233330 

MVIAOOO^  BRUNO 
StNCROnumB  TRIBSIB 
PADR1CIAN099 
TRlBSm  34012 
FTALY 

PHONE:  00-3753224 

DOOAN,  DONALD  A. 

SSCL 

2550  mCXLBYMEADB  AVB. 

DALLARTX  75237 
momi  214-7083730 

DONAnaC,JOBTR. 

UM  ALAMOS  NAIKWAL  LABORATORY 

P.O.  BOX  1003 

MP-7MSIiB40 

UMMAMOS.raM  8754S 

PHONE;  5053073850 

DONALDSON,  ANIHCmV 
STAMPmU)  LINEAR  ACCELERATCMt 
2575  SAND  HILL  RD.  MS  49 
MENLO  PARK,  CA  94025 
PHONE:  41532S3219 

DCMALIMINLRDiE 

SLAC 

12000 JEFFBRSONAVB 
NEWPORTNEWRVA  23000 
PHONE- 

IXXHJNGiJBinDBrC 
GRUMMAN 
MDO.307-T1U 
9900aCASSAVE 
ARCXXW^E  00439 
PH(»IE  7D8-73»«a5 


DOKn9BGT,ROBIKrj. 

AROONItffi  NA11CX4AL  LAB 
990OSCASS 
BLDGSBT 
AIUXmNEIL  0009 
PHCME  7083523058 

DOUBAK  DAVID  BOSS 
CBBAP 

12000 JBPFERSCm  AVE 
NEWPORT  NEWS,  VA  23006 
ni(»IE  804-872-7045 

DOWEEMKaSL 

TITAN 

3033  SOBNCE  PARK  RD 
SANDlBOO,CA  92121 
phone  0193523533 

DRAGT,ALEXJ. 

UNIVBRSnY  OP  MARY*  AND 
DEPARTMENT  (H>  PHYSICS 
CCMXEOBPARK.MD  20942 
PHCMIE  301-4053053 

MOZBMN.  ALBXANDRR 

SSCL 

2550  raOCLEYMEADB 
DALLAS;  TX  75237 
PHONE  214-7083504 

mURY,  MICHAEL 
CEBAP 

12000 .OBPPERSONAVE 
NEWPORT  NEWS,  VA  23006 
PHOraS:  804-249.7493 

DUDAKALANJ. 

SIEMENS  MEDICAL  LABS. 

DU1M41K0V,VA1HM 

OAK  RIDGE  NAIKMAL  LABORATORY 
FO  BOX  2005 
BLDG  9201-3  MS  8071 
OAKRIDGETN  37831-8071 
PHONE  015374-1123 

DUGAN,  CXRALOF. 

SSCL 

2550  BBCKLEYMBADB  AVB  MS-1047 
DALLAS,  TX  752373997 
PH(mE  214-7084577 


MSTtKyMOIE. 


2S»  BeaaJBYMBM»  AVE 
DALLAS.  TX  TS337 
PHONB:  »4.1lQt4S17 

DuimanAiDo 

ntiuMP 

40M  WBSBKOCMC  MALL 
VANCOUVER.  BC  VS^3A3 
CANADA 

PlKWfi  «0442M0<7 

DUVALL,  BRUCE  W. 

RAMAN  INSTRUMENTATION 
PO  BOX  7413 

COLORADO  SnUNGS.  CO  80n3 
PHONE:  71»S9»-18S9 

OW1NELL.BOCXR 

LAWRENCE  BEMCELBY  LABORATORY 
1  CYCLOTRON  RD  BLDO  46/161 
BERKELEY,  CA  947» 

PHONE:  SKMaS-TTOl 

DKES^MICBAELD 
SERC  DARBSBURY  LAB. 

DARESBURY 
WARRINQTtm 
CHESHIRE,  WA44AD 

UNTIED  KINGDOM 
PHCWB;  0^-96(^3142 

DyLLA.H.PRBDERICX 

CEBAF 

12000SFFERS(»4AVE. 

NEWPORT  NEWS,  VA  23606 
PH(»ffi:  804-249U74S0 

IffMNlKOV.ALEXANlffiRa 
marc;  PHYSCS IMBPT. 

UNIVERSITY  OP  MELBOURNE 
PARKVILLE 
VICTORIA.  30S2 
AISTRALIA 

mom:  613344-9433 

EMR,Y,1BCHAU>A 
SLACVSTANPCEtD  UraVERSTTY 
PPBOX4349 
SCANFCMkD,CA  94309 
PHONE:  415J9232SS1 


BCKUraLSIAN 

SLAC 

PO  BOX  4349 
SrANPORO.CA  94309 
niCWE:  415-42641S2 

ElMKmQPPER,JOHN 
LAWRENCE  BERKELEY  LAB./ALS 
1  CYCLOTRON  RD.71H 
raRKELEY.CA  94720 
PHONE  S1(MS64107 

BDWARlMiDCmALDA 
FERMHAB 
MS  345,  PO  BOX  900 
BATAVIA.il  6QS10 
PHONE  70384(1«489 

EDWARDS,  HEIRNT. 

FERMI  NATL  ACCELERATOR  LAE 
MS  341,  PO  BOX  900 
BATAVIA.il  60510 
raONE  7084404424 

EDWAnM,J(«NWM 
NICHOLS  RESEARCH  <X»P. 

1604  SPRING  HILL 
SUnE200 
VIENNA  VA  22182 
PHONE  703«34720 

EICKHOfT,  HARIMUT 

oa 

PLANCKSntl 
6100  DARMSTADT, 

GERMANY 

PHONE  061-9  -309368 

EINPELD,  DUriYR 

FORSCHUNGSZUENTR  R08SENDORF 
BO.  19. 8051  DRESDEN 
DREaiEN,  8051 
GERMANY 

PHONE  493915413301 

ElSBNBEBG,yBHESA 
DESY/WEIZMANN  INST. 

DESY  FL  NOTKESnt  85 
HAMBURG, 

GERMANY 

PHONE  494489-983092 


EKDABL,  CARLA 
LOS  ALAMOS  NATIONAL  LAB 
P-14.MSD410 
LOSALAMOS,NM  87545 
PHONE  9054653470 

ELUSCm,  MICHAEL 
lUCF 

2401  MILO  B  SAMPSON  LN 
BLOOMINGTON,  IN  47408 
PH(»4E  8138539916 

BLL19(»(,TlMj: 

INDIANA  UNIV.  CYCLOTRON  FAC 
2401  MILO  SAMPSIW  LANE 
BLO(»llNGr(M4,IN  47405 
PHONE  8138930934 

nABNER,K(N(RAD 

CERN 

SL4>IVISI(M4 
GENEVA  CH-mi 
SWnZERLAND 
PI«»1E  41-22-7676111 

EMERY,  LOUIS 

AR(X>NNE  NATKX4AL  LADCHIATORY 
9700  &  CASS  AVENUE 
ARCXINNEIL  60439 
PH(M4E  7083537756 

EMMA,  PAUL  J. 

SLAC 

P.O.  BOX  4349 
STANFORD,  CA  94305 
PHONE  4139M349B 

nOLBY,  JOSEPH  & 

BURLS  INDUSTRmS.  INC 
M»0  NEW  IKXXAND  AVE 
LANCASTER,PA  17601 
PHOPffi:  717-295-6025 

ra(EGR^,TfaarYA 

SSCL 

2590  BECKLEYMEA1»( 

DALLAS,  TX  79237 
mom  2M-7D83767 

ENCWUX,  DAVID 
UMVOFHXDRMS 
12000  AFFERSON  AVE 
NEWPORT  lews,  VA  23606 
PHONE  804349-7097 


»njn;iiNiisniB. 

SLAC 

BiNat 

P.aiQX43«9 
aXANR>Rl>,CA  M309 
PHONE:  415«IM3B1 

inacs(m,>oGn 

SLAC 

P.a  BOX  4349 
STANFORD,  CA  94309 
PHONE;  415-926-3381 

ESARiy,BRIC 

NAVAL  RESEARCH  LABORATORY 
C01MB6791 

WAS1INQTON.DC  20375 
PHONE;  202^104-7730 

■SBLBMAN,MMESA. 

BURLB  INDUSTRIES,  INC 
1000  NEW  HOLLAND  AVB. 
LANCASTER,  PA  17601 
PHONE:  717-295-2057 

ESIN.SJK. 

INR  MOSCOW 

OOriH  OCT.  ANNIVERSARY  PROSPECT 

117312,  MOSCOW 

RUSSA 

EVANS;  ALWRTE. 

US  DEPT  OF  ENERGY 
15005  CARRY  BACKDR 
GArTHERffiURG,MD  20878 
PHONE:  301-903-4896 

EVANS,  LYNIKN4R. 

CERN 

SLDIVBION 
CH-1211  GENEVA,  23 
SWITZERLAND 
PH(M«B:  412276-74823 

EVANS  JR,  KENNETH 
ARG(»B4E  NATIONAL  LAB. 

ASD260 

9700  &  CASS  AVE. 

ARGCmNE,IL  60439 
PHOfffi;  708-2525110 


EVHAKTS,  PHILIPPE 
CEA 

S^VICE  DT/PB/MP-BP  #2 
LBBARP,  33114 
FRANCE 

PHONE:  56624(300 

FACCO^ALHOOD 
INFN  LEONARD 
VIA  ROMEA4  LEGNARO 
PADOVA.  35020 
ITALY 

PHONE:  049-829-2311 

PAHMIE,  MICHAEL 

LAWRENCE  BERKELEY  LABORATORY 
1  CYCLOTRON  RD  BLOG  46/125 
BERKELEY,  CA  94720 
PHONE  51(3486-4030 

FARKAS,29(HTANa 

SLAC 

P.O.  BOX  4349 
STANFORD,  CA  94309 
PHONE  415226-3381 

FARKBONDEH,  MANOUCHEHR 
RESEARCH  SOENnST 
MIT-BATES 

MTT-BATES  LINEAR  ACCELERATOR 
PO  BOX  846 
MIDDLETON,  MA 
PHONE  617-2454600 

t. 

FATHIZAlffiH,  MASOUD 
AROONNE  NATIONAL  LAB 
9700  S  CASS  AVE  D-360 
ARGONNEIL  60439 
PHONE  708-2524543 

FAUREJEAN 
CEA-CEN/SACLAY-LNS 
GIFSURYVETTE,  91191 
FRANCE 

PHONE  331-69(384952 

FAWLEV,  WILLIAM  M. 

LAWRENCE  BERKELEY  LABORATORY 
1  CYCLOTRON  RD,  MS  47-112 
BERKELEY,  CA  94720 
mONE  5104864229 


FAZKLMKHABLV. 

LOS  ALAM(»  NATHN4AL  LAB 
MSHSSl 

LOS  ALAMOS,  NM  87545 
PHONE  505267-3281 

FOIBLE,  RENATO 

INFN  SEZIONE  DI NAPOU 

MOSTRA IFOLTREMARE  PAD20 

NAPOU,  80125 

ITALY 

PHONE  398-17253330 

FEINBERG,  BENEDICT 
LAWRENCE  BERKELEY  LAE/ALS 
ICYCLOTRiCmRO. 

MS  80-101 

BERKELEY.CA  94720 
PHONE  510486-7725 

lERCER,  FRITZ 
CERN 
CH-1211 
GENEVA, 

SWrraBRLAND 
PHONE  020767-2978 

FBRCUKW4  PATRICK 
MDS COMPANY 
1955  MOUNTAIN  BLVD,  STB  101 
OAKLAND,  CA  94611 
PHONE  51033941957 

FERIANIS,  MARIO 
SINCROTRONE  TRIESTE 
PADRIC1AN099 
TRIESIE,  34012 
ITALY 

PHONE  40-375-8545 

FERNOW,  RICHARD  C 

BROOKHAVEN  NATIONAL  LABORATORY 

PHYSICS,  901A 

UPTON,  NY  11973 

PHONE  516-2825741 

FESCHEWKO,  ALEXANTCR  V. 

INR/SSCL 

60riK  OCTOraR  ANNIVERSARY 

PROa>ECT 

74,  MOSCOW,  117312 

RUSSIA 

PHONE  214-7085602 


lAWMSNBnDKaUBV  lAB(»ATC«y 

icycbontoNKD 

€ifm 

BBMBLBV.CA  Mm 
PHONK  SMMIfrSSM 

IDGUn.lBIODOaB  B. 

SLAC 

Msao 

PXX  BOX 4349 
STANFORD,  CA  94309 
PHCmB:  41S-92MS39 

flNX.CHARLBSL. 

AROCWNB  NAlKWiAL  LABORATORY 
UJXi.207 
ARG(»iNB,lL  S0439 
nKMB:  TOUSMOl 

flNlJnr,D4TlDA. 

FERMILAB 
POBOXSOO 
BATAVIA.il  RBIO 
PHONE:  X»«4044<8 

fKNtlKA  RALPHS. 

NSWCDD 

MSR36 

10910  (>mW  HAWfHRBAVE 
Sn.VBRSPRB«LKn>  20901 
PHONE;  301-a94-im 

mBERiALAN 

BROCHCHAVEN  NAIKMALLABCHtATORY 
physics;  901A 
UPT(»«,NY  11973 
PHCMB; 

PKIBiLAIONBf 

MIL 

BEAM  PHYSKSmiANCH 
aXNS«793NRL 
WASHlNn»LDC  209734000 

flANNlGAN,J(»N 

mOOKHAVEN  NATIONAL  LABORATORY 
BLD072SB 

NATLSYNGHROTRCm  UOHT  SOURCE 
UPTO»LNY  11973 
PHCME:  S16>2824190 


PLAia,iAC(»B. 

MASSACHUSEITS  OETffiRAL  HOSPOAL 
14913miST.RM4022 
CHARLESTOWN.  MA  02129 
PHCmE:  617*724-9320 

KMLSCHB,  HORST  WJ. 

BROOKHAVEN  NATIONAL  LAH 
BULDINOIOQS 
UPTON.  NY  11973 
PHONE  Slfr■2B^2219 

roERSIER.C<mRADL. 

BROOKHAVEN  NAT1<»<AL  LABORATORY 
BLOG72SC 

NATL  SYNCHROTTRON  UGHT  SOURCE 
UPTON,  NY  11973 
PHONE  316-2824754 

POLBYiXlANN 

IRBR 

fOLEV,  MICHAEL  H. 

FERMI  NATL  ACCELERATOR  LAR 
MS  340,  PO  BOX  300 
BATAVIA,  IL  60510 
PHONE  700840-2305 

Femes,  KIMNETHS. 

TRIUMP 

4004  WESBROOK  MALL 
VANCOUVER,  BC  V6r-2A3 
CANADA 

PHONE  604-222-1047 

FONTANA,  JORGE  R 
UNIVERSITY  OF  CALIFORNIA 
4373  VIA  GLORierA 
SANTA  BARBARA,  CA  93110 
PHtmE  8Q548^3387 

FOUAimr,  MOHAMMED 
LPJ4.  DDRSAY 

BAT.  100,  BPl,  CAMPUS  DDRSAY 
91406  ORSAY,  CEDEX 
FRANCE 

PHONE  694-164-97 

FOUGERON,C1AUDE 
LAB  NATL  SATURNE/CE  SACLAY 
GIPSURYVEITE  91191 
FRANCE 

PHONE  331-69085969 


FOWKES,  WHJJAM  RANDALL 
STANFORD  LINEAR  ACCELERATOR 
PO  BOX  4349 
STANFORD.  CA  94309 
PHOPS:  413^9264463 

FOWLER,  WnXlAMB. 

FERMILAB 
PO  BOX  300 
BATAVIA,  H.  60510 
PHONE 

FOX,JC»Na 

SLAC 

BIN  33,  BOX  4349 
STANFORD,  CA  94309 
PHONE  4134262789 

PRANZKB,  MERNHAU  X 
OSI 

POSTFACH 110532,  UmARY 
D-6100  DARMSTADT,  11 
GERMANY 

PHONE  615-1354366 

FRASER,  JOHN& 

TRIUMF 

4004  WESBROOK  MALL 
VANCOUVER,  BC  V«r-2A3 
CANADA 

PHONE  604-22M047 

PRlEI»MAN,AHAR(m 

BROOKHAVEN  NATIONAL  LABORATORY 
KJXJ72SC 
UPTON,  NY  11973 
PHONE  3162825028 

FRIEmCHS,  JR,  CARL  C 
LOS  ALAMOS  NATIONAL  LABORATORY 
PO  BOX  1663 
MS:  HS27 

LOSALAMOS,NM  87545 
PHONE  305-667-8850 

FR1ESEL,I»ENNISL. 

IND.  UNIV.  CYCLOTRON  PAOUrY 
2401  MILO  a  SAMPSON  LANE 
BLOOMINGTON,  IN  47401 
PHONE  812455-2944 


QACMEMICHABuA. 

GARMULEJACOraS 

SLAC 

SPANG  POWER  (XJNnUE 

CEA 

SLACMStt 

LAKE STREET 

CEA/CESTA 

S1MV0RD.CA  M309 

SANDY  LAKE,  PA  16145 

POBOX2 

filOMB:  41S43MMB 

PHONE:  412-376-2249 

33144  LE  BARF, 

FRANCE 

MKBHOlJ^HAiaW. 

GAUWn 

PH(mE  36884000 

catH 

ARCXJNNE  NATIONAL  LAB 

CH-miCnNEVA.  23 

970OSCASSAVE 

GARIN(ER,CnnS 

SWnZBRLAND 

AROONNE,  IL  60465 

BR(X>KHAVEN  NATIONAL  LAE 

mONB;  227.264-180 

PHONE  708.2528560 

BU1L01N0911B 

UPTON,  NY  11973 

RRSCBEfCSAlOT. 

GALAYDA,JOHNN. 

PHONE  518282-4537 

ALUBD  SI(»ML  AEROSPACE  CO. 

ARCXmNE  NATIONAL  LABORATORY 

POBOX4191S9 

APS/ASD360 

GARNER,  JAMES  L. 

KANSAS  CnY,  MO  64141 

9700  &  CASS  AVE. 

SML  TECHNOLOGY 

PHONE:  8164973351 

AROONNE,  IL  60439 

7180  LAMPSON  AVE 

PH<mE:  7082577796 

GARDEN  GROVE  CA  92641 

PUCHl,KV(MBO 

PHONE  7148981868 

NSCLATMSU 

(MLLAROO^JUANC 

MASlERS(M'PHYSaCS 

BRCXIKHAVEN  NATIONAL  LABORATORY 

GABMV.RIHAND 

&SHAWLANB 

PHYSICS,  901A 

CERN/PS 

EAST  LANSING,  Ml  48824-1321 

UPTON,  NY  11973 

CH-1211  GENEVA,  23 

PHCX4E:  S173S35097 

PHONE  518282-3523 

SWriZERlAND 

PHONE 

PUM.  RAYMOND  1. 

GALLO,  ALESSANDRO 

AROONNE  NATIONAL  LABORATORY 

INFN.FRASCAT1 

GARREN,AL 

9»0S.CASSAVE 

POBOX13 

SSC 

ARG(mNE,IL  60439 

FRASCATL  00044 

E71H 

DALY 

LAWRENCE  BERKELEY  LAB 

IVLUCTT,KENranH 

BER1CELEY,CA  94720 

FERMI  NATKmAL  LAB 

CAMMEL,C»ORGBM. 

PHCmE  510841-8283 

POBOX500MS341 

GRUMMAN  AEROSPACE  CORF. 

BATAVIA,  IL  60510 

MSB29-2S 

(XUANE  NCMMAN  M. 

PIKmE:  708446.2507 

1111  STEWART  AVE 

FERMEAB 

BETHPAGENY  11714 

PO  BOX  500,  MS  345 

FimAXD8Hl,1l08HlHlR0 

PH(N4E  518575-0663 

BATAVIA,  E  60510 

KEK 

PHONE  7088403619 

(mo  1-1 TSUKUBASHI 

(MNETIS,  GEORGE 

IBARAKMCEN,  305 

BROOKHAVEN  NATIONAL  LABORATORY 

(XMME,GIANLUCA 

JAPAN 

BLDG.  902 

INFN 

UPTON,  NY  11973 

VIAD0DECANES033 

FUNK,  L.  WARREN 

PHONE  3182824476 

GENOVA,  16146 

SSC  LABORATORY 

TTALY 

2550  BECKLEMEADE  AVE 

GARAVAGUA,  THEODORE 

PHONE  39-10-3536326 

MSlOO 

S5CL 

DALLAS,  TX  75237 

2»0  raCKLEYMEADE  AVE 

GERASIMOV,  ANMIEI L. 

PHONE:  214-7084300 

M81042 

FERMEAB 

DALLAS,  TX  75237 

POBOX50RMS34S 

GAmJA,WlUIAME. 

PHONE  2187084526 

BATAVIA,  E  60510 

UCLA 

PHONE  7088408101 

FERMnABMS34S 

PO  BOX  500 

BATAVIA,  IL  60510 

PHCBffi:  708840.2556 

aaftBeCXLEYMBADB 

Nsmo 

DALLAS,  TX  7S237 
PfiONB:  214-1QM223 

CamLDOKALO 
AKOONIffi  NATIONAL  LAD 
nLDG.3M 
97Q0&CASSAVE 
AltlQ<»4NB,IL  <009 
PHONE:  T0SaS247M 

GHOSH,  ARUP 

BROOKHAVEN  NATIONAL  LABORATORY 
BL00.9(B 
UPTON,  NY  11973 
PH(»1E:  SUfVa^3tm 

GHAILPINCHAS 
RAFAEL 
PO  BOX  2230(24) 

HAIFA.  31021 
ISRAEL 

GIL6ENBACH,  RKWAIJI  ML 

UNiYERamr  of  Michigan 

NUCLEAR  ENGINEERING  DEFT 
COCHLEY  m>G,  NCHOH  CAMPUS 
ANN  ARBOR,  MI  48109-2104 
PHONE:  313-70-1261 

CILLEaii;GEORiraEH. 

GJI.  GILLESne  ASSOCIATES  INC 
12S20  HIGH  BLUFF  DR,  STE  330 
SANDIEGO.CA  92130 
PHONE:  619-7924*222 

GllMTRICK,  J.  DOUGLAS 

LANL 

MS;H808 

LOS  ALAMOS,  NM  S7S4S 
PHONE:  SQ5-667-31S9 

CaOVANNONL  PAUL  PO, 

CmiMISSARIAT  A  L'ENERGIE  ATOM 
CESACLAY  DSM/DAPNIA/STCM 
GiVSURYliiBrTE,  91191 
FRANCE 

PHCffffi:  mJXet-6 


Giovi;nAMO 

INFN 

VIAPLUCERVI201 
SEGRATE(MILAN),  20090 
ITALY 

PHONE:  3n-239-2SS9 

GJAJA.IVANM. 

UNIVBRSrrY  OP  MARYLAND 
DEPARIMENT  OP  PHYSICS 
COLLEGE  PARK,  MD  20742 
PHONE:  301-403-6033 

GLASS,  HENRY 

FERMI  NATIONAL  ACCELERATOR  LAB 
P.O.BOX300-MS316 
BATAVIA,  IL  60310 
PHONE:  708-840-8103 

GLOCK,  HANS-WALTER 
INST  PUR  ANGBWANDLE  niYSK 
ROBERT  MAYER  STR.  24 
D-6032S  FRANKFURT, 

GERMANY 

PHC»>a3:  069-798-2292 

GLOVER,  MKEC 
SERC 

RUTHERFORD  APPLETON  LAB. 
CHILTON, 

DIDCOT,  OXllOQX 
UNTIED  KIN(HX)M 
PHONE:  023-38M900 

GLUCKSIEMN,  ROBERT  U 
UNIVERSTY  OP  MARYLAND 
DEPARTMENT  OF  PHYSCS 
COLLEGE  PARK,  MD  20742 
PHONE:  301-403-6054 

GODLOVE,  TERRY  F. 

FM  TECHNOLOGIES 
9713  MANTEO  COURT  , 

FT  WASHINGTON,  MD  20744 
PHONE:  301-667-3281 

GOLDiSAULL 

SAC 

PO  BOX  4349 
MS-33 

STANFORD.  CA  94309 
PHONE:  415-9264450 


GOIA  STEVEN  H. 

NAVAL  RESBARCH  LAB 
CODE  6793 

4553  OVERLOOK  AVE,  SW 
WASHINGTON.  DC  20373 
PHOI^ffi:  202-767-4004 

GOLimRG,DAVlDA. 

LAWRENCE  BERKELEY  LABORATORY 
1  CYCLOTRON  RD.  MS  71 259 
BERKELEY,  CA  94720 
niONE:  510486-7222 

GOLDEN,  JEFF 

BERKELEY  RESEARCH  ASSOCIATES 
PO  BOX  852 

SPRINGFIELD,  VA  22150 
PHONE:  703-730-3434 

GOLDMAN,  MICHAEL  A 
BROOKHAVEN  NATIONAL  LAB 
AGS  DEPT  911B 
UPTON,  NY  11973 
PHONE:  516-2826090 

GOLUBEVA  NINA 

INSmVTE  FOR  NUCLEAR  RESEARCH 
60111  OCT  ANNIVERSARY  PROSPECT 
7A 

MOSCOW,  117312 
RUSSIA 

GimCALVES  DA  SILVA,  CVLON 

DIRECTOR 

LNLS/BRAZIL 

CX.  P.6192 

CAMPINAS,  1300 

BRAZIL 

PHONE:  551-92542624 

GONICHON,  JEROME 
MIT 

PLASMA  FUSION  CENITO 
NW16-184 

CAMBRIDGE,  MA  02139 
PHONE:  617-253-5132 

GONZALEZ,  ROIKHJO  E. 

SSCL 

2530  BECKLEYMEADE 
DALLAS,  TX  75237 
PHONE;  214-7084223 


OHENillBUlU 
tClABORATCHtY 
t»  BBCKLEYMEADB  AVB 
ALLAS,  TX  75237 
HCMB:  214-7QS370 

OVnULM. 

RiCMVSSOR 
AKlABUraVERSITY 
BITOT  PHYSICS 

BNTER  FOR  ADVANCED  STUDIES 

HANlHaARH.  160014 

4D1A 

saber,  JCNELB. 

ORNELL  UNIVERSrrY 
ENEWMANLAB 
[HACA.NY  148S0 
HONE:  607-2724951 

SANATSIEIN,  VKTOR  L. 

INIVERSITY  OP  MARYLAND 
AB  FOR  PLASMA  RESEARCH 
OLLEGBPARILMD  20742 
HONE:  3014054956 

SEEN,  MICHAEL  A 

n<K31ROTRON  RADIATION  CENTER 
731  SCHNEIDER  DR 
rouoifroN,wi  sssso 
HONE:  60M77-2159 

IRIESER  MANFRED 
IFIFURKERNPHYSK 
O  BOX  103900 
M»  HEIDELBERG. 
iERMANY 

IRIFFIN,  JAMES  R 

ERMILAB 

0X261 

7AYNE,IL  60184 
HONE:  70RSS4-28O1 

SIMM,  TERRY 
SCL 

S50  raCKLEYMEADE  AVE. 

IS40Q5 

)ALLAS,1X  75237 
H(X4E:  214-7004232 


GRIPPE,  JAMES  M. 

SSCL 

3SS0  BECKLEYMEADE  AVE 
DALLAS,  TX  7S237-3946 
PHONE:  214-700-3781 

GRUNDER  HERMANN  A 
CEBAP 

12000  JEFFERSON  AVE 
NEWPORT  NEWS,  VA  23606 
PHONE;  804-249-7SS2 

GUERRA  AL 
CEBAF 

12000  JEFFERSON  AVE 
NEWPORT  NEWS,  VA  23606 
PHONE-  004-249-7636 

GUERRA  EDUARDO 
SLAC 

2S7S  SANDHILL  RD. 

MENLO  PARK,  CA  94Q2S 
PHONE  415-926-3409 

GUHARAY,  SAMAR  R 
UNIVERSTTV  OF  MARYLAND 
LABORATORY  FOR  PLASMA  RESEARCH 
COLLEGE  PARK,  MD  20742 
PHONE  301-4055013 

GUIDES,  PHILIPPE 
THOMSON  TUraS  ELECT 
13  AVENUE  MORANESAULNIER 
BATCMAVEZ  VEUZY  ESPACEP0121 
VEUZY  VILLACOUBLAY,  78148 
FRANCE 

PHONE  130-703-599 

GUIGNARD,  GILBERT  P. 

CERN/SL  DIVISION 
CH-1211  GENEVA  23 
SWITZERLAND 
PHONE  412-276-75975 

GUO,ZHIYUAN 

INST.  OF  HIGH  ENERGY  PHYSICS 

P.O.BOX  918 100039 

BEUING, 

P.R  CHINA 

PHONE  061-821-3374 


GUPTA,  RAMEffl 

BROOKHAVEN  NATIONAL  LABORATORY 
aLDG.9Q2 
UPTON.  NY  11973 
niONE  516-282-3974 

GURO,DAVE 

SSCL 

2550  BECKLEYMEADE 
MS  4002 

DALLAS,  TX  75237 
mONE  214-700-3401 

GURDL,HUSAM 

GENERAL  DYNAMICS  SPACE  SYSTEMS 
PO  BOX  85990,  Cl-8260 
SANDIEGO.CA  921055590 
PHONE  619hS47-8Q32 

GURR,  JAMES  RICHARD 
USASSDC 
PO  BOX  1500 
ATTN:  CSSD-DE-N 
HUmVILLEAL  55007-5722 
PHONE  205-955-1568 

GUSEV,  OA 
EFREMOV  INSmVIE 
POSMETALLOSTRY 
P.O.BOX42 

ST  PETERSBURG,  189631 
RUSSIA 

GUSEWELL,  DIETRICH 
CERN 

CH 1211  GENEVA 
SWnZERLAND 
PHONE  004-122-767 

GUY,  FRANK  W. 

SSC  LABORATORY 
2550  BECKLEYMEADE  AVE 
MS  1043 

DALLAS,  TX  75237 
PHONE  214-7004313 

HAAS,ALLANK 

SSCL 

2550  BECKLEYMEADE  AVE 
MS  4001 

DALLAS,  TX  75237-3946 
PHONE  214-7005444 


/ 


BOniilKVlNG 

NHL 

OCHWC790  NAVAL  RBSBAKCH  LAB 
WASHINCmm.  DC  90375 
raoNB:  Ha-TSMm 

H4I0ELIAHMAN 
KARIS  RESEARCH 
TltSBXPAIRRD 
BBniBSDA.MD  90814 

HAHNiHARALD 

BROOKHAVBN  NAHONAL  LAB 
BLDOUXtSS 
WTON,NY  IWra 
PHOr^  516982-4083 

HAHN,KV(MJIiK;a 

LAWRENCE  l^RKELEY  LABORATORY 
1  CYCLOTRON  RD,  MS  47-112 
BBRKELEY.CA  94720 
PHONE:  510-4863286 

HABAPBTUN,  GARMCK 
UCLA  DEPT  OP  ELECT.  ENGINEER. 
S6123B  ENOR IV  mnLDINO 
LOSANGELBS.CA  900M 
niONE;  3104062039 

HALBACBiKUOS 

LAWRENCE  BERKELEY  LABORATORY 
1  CYCLOTRON  RD  mJDO  46/161 
BBRKELEY.CA  94730 
PHONE-  510-4865868 

HAMILTON,  BRETTl. 

INEHANA  UNIV.  CYCLOTRON  FAC 
9401  MILO  a  SAMPSON  LANE 
BLOOMINGTON.  IN  47408 
PHONE  81245S4162 

HAMM,RCMnarr 
.ACCSYS  TECHNOLOGY 
1177  QUARRY  LANE 
PLEASANTON,  CA  94566 
PH(»4E  5164624949 

HAMMER,  WILLIAM  N. 

(HHJMMAN 
STBWABTAVB 
BBTHPAOENY  11714 
mOINBt  5163463122 


HANNA,  SAMYM. 

BROOKHAVEN  NATIONAL  LABORATORY 
NSLSBLD0.72SC 
UPTON.  NY  11973 
PHCHSE  5169824635 

HANSEN,  SIGMUND 
CERN 

1211  GENEVA.  23 
SWITZERLAND 
PHONE  767-340-1 

HAROnC,  THOMAS  W. 

LOS  ALAMOS  NATIONAL  LAB 
MS-H838 

LOS  ALAMOS,  NM  87545 
niONE  506667-9132 

HARDEKDPF,ROBEKrA. 

LOS  ALAMOS  NATIONAL  LAB 
MS-H811 

LOS  ALAMOS,  NM  87545 
PHONE  SQS-667-1289 

BARUNC^DAVIDJ. 

FERMHAB 
POBOX5eRMS323 
BATAVIA,  a  60510 
niONE  7088462971 

HARGiffiAYES,  THCMIAS  A. 

LITTON  ELECTRCm  DEVICES 
960  INDUSTRIAL  RD 
SAN  CARLOS,  CA  94070 
PHONE  415-5918411 

HARKAY,  KATHERINE  C 
FERMHAB 
PO  BOX  300,  MS  341 
BATAVIA,  a  60510 
PHONE  7068464639 

HARMS,  MICHAEL  a 
STANFORD  LINEAR  ACCELERATOR 
P.O.  BOX  4349 
MS50 

STANFORD,  CA  94309 
PHONE  415-9262915 

HARMS,JR.,ELVINa 
FERMHAB 
FO  BOX  500,  MS  306 
BATAVIA,  a  60510 
PHONE  7068464376 


aUOMAaSRNCERC 

UOA 

UCLA  PHYSICS  raPT 
405HaaARDAVE 
LOS  ANGELES,  CA  90024-1547 
PHONE  3168254012 

HAKIUNG,  WALTER  a 
CORNELL  UNIVERSITY 
NEWMAN  lAB  OT  NUCLEAR  STUIHES 
ITHACA,  NY  14853 
PHONE  607-255-4951 

HARVEY,  MAMS 
FERMI  LAE 
12000  JEFPERS(»4AVE 
NEWPORT  NEWS,  VA  23606 
PHONE 

HARWDOaLEIGHa 

CEBAP 

12000  JEFFEBSCH4AVB 
NEWPORT  NEWS,  VA  23606 
niONE  8044467063 

HASEROTB,  HELMUT  a 
CERN 

CH-1211  GENEVA,  23 

SWnZERlAND 

niONE  412-276-72503 

HASS,  MATHEW  A. 

FIELD  EFFECTS 
6EASTERNRD 
ACTON,  MA  01720 

HATTON,  VINCENT 

CERN 

GENEVA, 

SWITZERLAND 
PHONE  767-  -4773 

HAVKHOH,  MICHAEL  a 
SSCIABORATORY 
2550  BBCKLEYMEADB  AVE 
MS  1043 

DALLAS,  TX  75237 
PH(»4E  214-7064527 

HEBERT,  XMEPH  a 
SSCIABORATORY 
2550  BBCKLEYMEADB  AVE 
MS  1043 

DALLAS,  TX  75237 
PHONE  214-7064516 


mcL 

WOWBCKLBnOADB 

mma 

DAUASiTX  T5337 
KIONB:  214-70S.3479 

mmiCBAKD 

BIK)OKIlAVENNA110MALlABOItATOl^ 

BLDOTKC 

NATL  smsounium  uoHr  SOURCE 

UPTON,  NY  H975 
mONE; 

HmETR  SAMUIL 

SLAC 

UN  26 

P.a  BOX  4349 
SIANroRD.CA  94309 
PIKM«B;  41S496460O 

HBNlMERKW,TOMF. 

LAWRENCE  BERKELEY  LABORATORY 
1  CYCLOTRON  RD  BLOO  4V1S1 
BERKELBY.CA  94720 
PHONE;  S10-48S4672 

HENDRICKSON,  LINIIAX 
STANTORD  LINEAR  ACCELERATOR 
P.O.  BOX  4349 
MS46 

STANTORD,  CA  94309 
PHONE:  415426-3913 

HENMOCKSIXI,  SCOTT 
UNIVCX’CCHjORAOO 
CA14PUSBOX390 
BOULDER,  CO  00309 
PHCBiE:  30349243U 

mOOELHEINO 
TBCHNlSCHEUNlVERSnAgr 
EIN51E1NUFER 17,  EN4 
lOOOraRlJN.  10 
GERMANY 

nK»IE-  303-16U690 

HINllKLLY,MiCHAIL 
AMERICAN  INSmUTE  OT  PHYSICS 


BINNING,  DALI  U 
SSCL 

2SS0  BECKLEYMBADE  AVE. 

MS4000 

DALLAS,  TX  7S237 
PHONE:  214-7004571 

HERMAN,  HABCHJB 
AROONNE  NATIONAL  LAB 
9700SCASSAVE 
EPDIV.BLOO207 
AROONNE,  IL  60439 
PHONE*  7Dfr-2SM317 

HERR,WERNERF 

CBRN 

SL  DIVISION 
CH 1211 OBNEVA,  23 
SWnZBRLAND 
PHONE  7674635 

HERR1AN1»R,  CARL  X«AN 
MEX 

PRESCAT1VAGEN24 
S-104QS  STOCKHOLM, 

SWEDEN 

PHONE  46-816-im 

HERRMANNSOELOT,  WUXIAM  E 
STANTORD  LINEAR  ACCELERATOR 
2575  SAND  HILL  RD 
MENLO  PARK,  CA  94022 
PHONE  415426-3342 

HESSELSON,  STUART  U 
EEV,INC 

4  WESTCHESTER  PLAZA 
ELMSTORD,NY  10523 
PHONE  914492-6050 

HEWETT,  DENNIS  W. 

LLNL 

POBOXS05,L418 
LIVERMORE  CA  94550 
PHONE  5104236886 

HIMEL,TH(MfASM. 

SLAC 

SLACMS4I5 
STANTORD  UNIV 
STANTORD,  CA  94309 
PHONE  415426-2004 


HINIEHAJTHAMA 

SLAC 

MS-3L  BOX  4349 
STANTORD,  CA  94309 
PHONE  4154264546 

RINKS1M,JIM 

LAWRENCE  BERKELEY  LABORATORY 
1  CYCLOTRON  RD  BLOG  46/125 
raRKBLBY,CA  94720 
PHONE  5104864194 

HIRAMOIO,KAZUO 

ENERGY  RES  LAE  HTTACHI,  LTD. 

^LOMKA-CHO 

7-CHOME  HTTACHI-SHI 

IBARAKI-KBN,  319-12 

JAPAN 

PHONE  029453-3111 

HIRATA,Ki(»JI 

KEK 

NATL  LAB  TOR  mOH  ENERGY  PHY 

TSKUBA 

IBARAia,  305 

JAPAN 

PHONE  2906414171 

BDtSHFIELIMAY 
YALEUraVERSTTY 
2008  YALE  STATION 
NEW  HAVEIiCr  06520 
PHOI^  20328S4733 

mSHllANLEUE 

IHTACHI ZOSEN  CORPORATKm 
34,  SAKURAJIMA 1-CHOME 
KONOHANA-KU  OSAKA,  554 
JAPAN 

PHONE  064-653461 

HO,ClIING«UW: 

AROONNE  NATIONAL  LAB 
807  S  ADAMS  ST,  AFT  1-D 
WESTMONT,  E  6QSS9 
PHONE  7084524148 

HO^DARWlNa 

LAWRENCE  LIVERMORE  LABORATORY 
TO  BOX  5508,1/477 
LIVERMORE,  CA  94550 
PHONE  S104234786 


■OAlQiBMnLDA. 

SUtC 

fOBOX4»» 

SEANPOia>,CA  M309 

raoiffi:  Atswam 

MARKBIINQ*  SALES 
iiK»is(»f  oaMro^asNIS  A  Turas 
40OOC»iMBRaBWAY 
iorc»iA,Ni  omi 

fllONB:  2014ni«000 

BOnSlATim,  GBOBC  a 

msv/Nscx 

ELANSINO.MI  488M 
PHONE:  S17<SSS-tS23 

BOPUat.ALlCU& 

CBBAF 

12000 JBFFERSONAVB. 

MS8SA 

NEWPORT  NEWS.  VA  23006 
n«»<B:  004-249-7171 

HOGAN,  MARK  J. 

UCLA  DEPT  OF  PHYSICS 
405HILGARD 
LOSAra3ELBS.CA  90024 
PHONE:  31042M012 

H01MN,DOUaASA 
AR£30^mE  NATIONAL  LABORATORY 
9700  S.  CASS  AVE-371T 
AROOra4B,lL  60439 
PHONE:  7tl8-2S^756S 

H(»ELICK,DALE 

SLAC 

2S7S  SAND  HILL  RD 
MENLO  PARK.  CA  94Q2S 
PHONE-  413-9264337 

BORN,  PAUL  M. 

IBMTJ.  WATSCm  RESEARCH 
F.O.BOX218 

YORKTOWN  HEIGHTS.  NY  10590 
PH(»4E  914-94S-244S 

B(»nWL  CHRIS 
PHOpiC; 


HOUCK,  nMoravL. 

LAWRENCE  LIVERMORE  NATL  LAB 
L440  7000  EAST  AVE 
LIVERMORE  CA  94SS0 
PHONE  510^7905 

BOVATBRi  JAMES  C 
SURA/CBBAP 
12000  JEFFERSON  AVE 
NEWPORT  NEWS,  CA  23606 
mONE  006-249-7S8S 

HOyKR,EC<N«a 

LAWRENCE  BERKELEY  LABORATORY 
1  CYCLOTRON  RD  BLDG  46/161 
raRKELEY.CA  94720 
PHONE  510486-7235 

HSEIANC 

NATIONAL  TSING  HUA  UNlVERSnY 
TSINGTIUA  UNlVERaTY 
HSINCHU, 

TAIWAN.  R.O.C 
PHONE  886-3S7-27303 

HSUE  CHENS. 

SRRC 

IRADROADVI 
HSD4CHU.  300 
TAIWAN,  R.O.G 
PHONE  035-721-450 

HUANG,  HADCN 

INDIANA  UNIV  CYCLOTRON  FAC 
2401  MILO  B  SAMPSON  LANE 
ELOOMINOTON,  IN  47406 
PHONE  812-8SS-S196 

HUANG,  YUNXIANG 
SSCL 

2550  BECKLEYMEADE  AVE 
MS  9000 

DALLAS,  TX  73237 
PHONE  214-706-4225 

HUBBARE  EDWARD  L. 

CONSULTANT 
5527  CHELSEA  AVE 
LA  JOLLA,  CA  92037 
PHONE  619.4544660 


HUBBAR1LM»BBTE. 
AffiDl-PHYSKSINC 
3350  N.  RUNS  AVE 
ARLlNaTCmHGTS,IL  60004 
PHONE  7D84984400 

HUDSON,  CHARLES  1. 

EGAO/BM 
130  ROBIN  HILL  RD 
GOLETA,  CA  93117 
PHONE  803481-2325 

HUDSON,  TAMMY 
CEBAP 

12000  JEFFratSON  AVE 
NEWPORT  NEWS,  VA  23606 
PHCME 

HUGHEK  THOMAS  P. 

MISSION  RESEARCH  OORPtHtATION 
1720  RAND<»FH  RD.  SB 
ALBUQUERQUENM  871064245 
PHONE  50S-76B-7719 

HULZHOWm 

INSTTTUIB  OF  ENGINEERING  ELECT 
BO  32346 

CHENGDU.  61003 
CHINA 

PHONE  061-625-8395003 

HUMPmSY,  RUSTY 

STANFORD  LINEAR  ACCELERATOR 

P.O.  BOX  4349 

STANFORD.  CA  94309 

PHONE  4154264197 

HUMPHRIES,  DAVIDE 
LAWRENCE  BERKELEY  LABORATORY 
1  CYCLOTRON  RD  MJXl  46/161 
BERKELEY.CA  94720 
PHONE  5104864797 

BURa  JAMES  W. 

SSCL 

2550  BECKLEYMEADE  AVE 
DALLAS,  TX  75237 
PHONE  214-7064312 

HURH,PAT1UCKa 
FERMHAB 
FO  BOX  500,  MS  340 
BATAVIA  IL  60510 
PHONE  708840-2814 


nnmnoMD 
U»  ALAMOSNAlKmAL  LAR 
OIOUPMM  MS«Ktt 
LANL 

LOS  ALAMORrat  819«S 

mwBt  soMShmiasm 

mfnWtMmmmu, 

C8BAF 

laooo  JBPiCRScm  Am 

MSUA 

»SWPORrNBWS,VA  23fi06 
mCWIB:  >04-349^7396 

UZaXtUBENKirATMA 
SINCR0TR(»4BTIUESIE 
PADIUC1AN099 
TRIESnE,  34QU 
ITALY 

PHONE:  40-37MS04 

mKLTAIAO 

KEK 

KEK.  ACC  DIV^  OHO  1-1 
TSKUBA 
ffiAKAH,  303 
JAPAN 

PHONE:  29B44S^ 

IHUNn;  ERNEST 
KOr  BATES  LAB 
MAro4INGROAD 
MlDDLEr(»i,MA  01949 
PHONE:  617445-6600 

lUEV,  ANDREI  L 
TRIUMP 

INR.  OOriU  OCTOBER  ANNIVERSAKY 

PROSP79 

MOSCOW, 

RUSSIA 

PHONE:  604-222-1047 

1NC«LS»  SARAH 
CEBAF 

13000 JEFPERSCmAVE 
I«WPORTNBWS,VA  23606 
PHONE* 

DfOOUROOHEIID 

BROOEHAVBN  NATIONAL  LABORATORY 
NSLSBUXLTTSC 
UfTOiNY  11973 
PHOre:  S164824379 


nBAra>,30HN 

LOS  ALAMOS  NATIONAL  LABORATORY 

P.O.  BOX  1663 

MSK336 

LOSALAMORNM  S754S 
PHONE*  9QM67-4344 

IRWIN,  RMm 
SIAC 
BIN  36 

SANFORD.  CA  94305 
PHONE  415-9264740 

ISHIZUEA,  HIROSHI 

FUKUOKA  INSinVIE  OPTECH 

mOASHI-KU 

FUKUCMCA,  811-02 

JAPAN 

PHONE  093606-3131 

ISMAIL 

UNIVERSmr  OPTENNBSSBE 
1200  LAUREL  AVE  AFT  3 
KNOXVILLE  TN  37916 
PHONE  6156734M93 

IWASHIIA,  VOSBIHISA 
ACCELERATOR  LAB/ICR  KYOTO  UNIV 
GOKANOSHO 
UJI 

KYOTO,  611 
JAPAN 

PHONE  817-743-2S806 

JACECEZARYA 
SSC  LABORATORY 
2SS0  BECKLEYMEA1»  Am 
MS:  4004 

DALLAS,  TX  75109 
PHONE  214-7084310 

JACHIM,  STEPHEN  P. 

LOS  ALAMOS  NATIONAL  LABORATORY 
PO  BOX  1663 
MS:  BBT? 

LOS  ALAMOS,  NM  87S4S 
PHONE*  305667-9692 

MCKS(W,ALAN 

LAWRENCE  BERKELEY  LABORATORY 
1  CYCLOTRON  RD  BLDO  80/101 
BERKELEY.  CA  94720 
PHONE  3106866732 


JACKSON,  GERALD  P. 

PERMHAB 
PO  BOX  500,  MS  341 
BATAVIA,  E  60510 
PHONE  7086404317 

JACKSON,!.  TERRY 
LAWRENCE  TORKEIEY  LABORATORY 
1 CYOOTRON  RD  BLDG  46/123 
BERKELEY.CA  94720 
niONE  3106866803 

JAOMK  JR,  RALPH  W. 

SLAC 

PO  BOX  4349,  BIN  50 
STANFORD,  CA  94309 
PHONE  413-926-2927 

JACOBS,  EDWARD  F. 

MEDIA  PHYSICS  I>K1 
900DURHAMAm 
S.  PLAINFIELD.  NI  07080 
PHONE  908-7S7-751L 

JACOBS,  KEN 
MIT 

PO  BOX  846 

MIDDLETON.  MA  01949 
raONE  617-2436600 

JAFPEKY,1ARIQS. 

SSC 

2330  raCKLEYMEADE  Am  MS694 
DALLAS,  TX  73237 
mONE  214-708-2283 

JAHNEULUCU 

UNIV  DESAO  PAULO 

LAB  NATL  LUZ  9NCROTRON 

CADCA  POSTAL  6192 

CAMPINAS,  SAO  PAULO,  13081-970 

BRAZIL 

PHONE  351-925-42624 

JAMES,  MICHAEXF. 

ATOMIC  ENERGY  CONTROL  BOARD 
P.O.  BOX  1046  SIEB 
OTTAWA  ON  K2M-1A3 
CANADA 

PHONE  613693-2730 


jwnNiaoMnarAb 

LANL 

AT-OOMSHUt 
LOSAIAIiOfikNM  SS4S 
mONB:  SQMiM235 


JIANGkSCiCHKNO 
UraVBSSnV  OP  MAKVIAND 
mvsics  raPARIMENT 
(X»i£(ffiPAItlC.MD  aom 
PHONE-  301-42»4I32 


JONIEAIANA. 

sso. 

2SSD  BBCXLJBVIffiADB  AVE 
DALLAS;  TX  7S237 
niONE  214-1V.56tt 


JAMIBSONiCnKMOBE 

SSCL 

asso  UaCKLEyilBADB  AVB 
DALLAS,  TX  7S3S7 
PHOPS:  ai4.7l»M6S 

JULGHDslEN 

SYNOOUmiON  KAOUIKm  RES  CTR 

NO  L  RAD  ROAD  VI 

HSINCHU  SCUASED  iraaUST  PARK 

HSD4CHU.  30077 

TAIWAH  RO.C 

PH(H4E  m^asnom 

JAKyCUMAlL  RACTAVAN 
SSCL 

aSSOBBCKLEYMEADE 
DALLAS,  IX  TSOI 
PHONE  aiAXIS^IM 

JIIINKR,OAVIDI. 

lUCP 

aMlMDjOSAMPSCm 
BLOOOONGmilN  47«B 
mOSE:  8USSSA36B 

jiNSD),cxnmc; 

EBRMlL/ffi 
POBOXSOQ,MS308 
rtNBsrMwaiKKD 
BA1AV1A,E  60SW 
PH(»IE  TtoAWaSM 

JDOBILKBNA. 

nouMP 

400«  WBSBROCXC  MALL 
VANCX>UVER,BC  VSFaA3 
CANADA 

PHONE  «04-22M0«7 

JSUIG.SING 

EnBORAlED  APPLIED  PHracS 
30THAYERRD 
WALTHAM,MA  02134 
PHcmE  mm-tm 


JOEKIHUN 

ARGCmNB  NATIONAL  LAB 
PHYSICS  DIVBLDOaOS 
97D0SCASSAVE 
AROONNEE  40439 
PHONE  7084SMM 

JOHNS;R(mALOA. 

AROONNB  NATIONAL  LAB  APS 
970OSCASS 
AROONNEE  40439 
PHONE  TOB-asa^SB 

J(«NS(N<.HUNr  M. 

PHYSICAL  REVIEW  LBITERS 
1  RESEARCHED. 

BOX  1000 
RIDOENY  11941 
niONE  51A«a4.5S33 

JMNSON,  cmosnNR  A 

OBPTOPEPffiROY 

1400  N  LAKE  SHORE  DE#10O 

CHICAGO,  E  40610 

PHONE  708-2S24483 

J(»NSOE  KENNETH  F. 

LOS  ALAMOS  NATIONAL  LAB 
AT40MSH8U 
LOS  ALAMOS,  NM  87S4S 
PHONE  SQ$46547n 

JOBNSOIL  RIXXAND  p. 

CEBAP 

laOOOJEffHRSWAVE 
NEWPORT  NEWS,  VA  23406 
PHONE  004449.7420 

JOHOiWERNIR 

PAIE  SCHERRER INSITTUIH 

PSI WURENUNOEN  *  VEUOBN 

CHS232VEUOEN, 

SWinCERLAND 

PHONE  004-15S9933B1 


JONEE  CHARLES  M. 

OAK  RID(»B  NATICmAL  LABORATORY 
POBOXaOOO 

OAKRlDGE,TN  37031-066 
PHCWE  41547447» 

JONES;  Boon  Bl. 

SLAC/STANPORD  UNIVERSnrY 
MS  26,  SLAC,  STANPORD  LBOV 
FO  BOX  4349 
STANFORD,  CA  94309 
PHONE  415426-2309 

JONES,  STEVEN  A. 

EOAO/EM 
130R(»INHELRO 
OOLfiTA.CA  93117 
PHONE  S0S401432S 

JMDAN,  KEVIN  C 
CEBAP 

12000  JEFFERSONAVE 
NEWPORT  NEWS;  VA  23606 
PH(»4E  004-249-7644 

JOSRLCHAN 

IKXA  DEPT  W  ELECT.  ENCHNEER. 
S6-12»  ENOR  TV  BUIUNNO 
LOS  ANGELES,  CA  90024 
PHCmE  3104064039 

JOUURT,  ALAIN  E 

OANIL 

BP  3027 

n4021CAEN;  CEDEX 
FRANCE 

PHONE  314-54540 

JOfWBTT,J(»NML 

CERN 

SLDIViaON 
CH-1211  GENEVA.  23 
SWnZBRLAND 
PHONE  412476-76643 


jQics»auraf 

NAVAL  HHUyiin  lABCMAIORy 
OODBCm 

IMSHINOrOKDC  aOSB 
raOMB:  m-TSMntS 

JUNOklDIAND 

CBRN 

SLHV 

diiailOBNBVA.  23 
swnzBMAra) 
raoNft  aanst-ms 


EANILBONGKDO 

ASSOOAIB  PiUMPBSaOR 

POHANO  ACCBLERATOll  LAR 

POBOX12S.lffiPTOPBB 

POHANO  KYUNOPOOC. 

KOREA 

PHcmB: 

KANG.YOONW 
AROONNE  NATIONAL  LAB 
PXn&CASSAVB. 
ARa<»)NB.IL  <0439 


KAlBmA,10l»J. 

LOS  ALAMOS  NATIONAL  LAR 
P.O.BOXMi3MSP440 
LOSALAMOS,NM  S7545 
PIKmB:  SQS-M74497 

KAiaMLBZA 

CBBAF 

12000  JEPPBRSONAVE 
MS12A 

NEWPORT  NEWS.  VA  23006 
PH(X4E:  «M-24942» 


IAAN,ALBKKrP. 

NDOIEP 
POST  BOX  41flB2 
AMSIERDAM. 

NBIHBRLAraiS 
PHONE:  OSSSn-SOM 

RUMNisKv,  sncn  a 

TRIUMP 

4004  WBSBROCBC  MALL 
VANCOUVER.  BC  V6T-2A3 
CANADA 

PHCWE;  004^1047 

KAHNpSlBinDf 
BROOKHAVEN  NATIONAL  LAR 
BUILCHN09Q2 
UPION,NY  11973 
PHCBSS;  S16482-2282 

KALBnB8CH.C4RL 
SIBER  OXiiCeR  LABS 
SSSOKCKLEYMBAIffiAVE 
DALLAS,  TX  73237 
PHCWE: 

KALmnR  WILHELM 

SRPHYSiasr 

CBRN 

CBRN^ 

1211(ffiNEVA.  23 

SWnZERLAND 

PIKH4B:  41»76-7S278 

KAMTOLTinaBIDR 

nsp,  THE  iBovERsmr  (WTxnnro 

34-lMIDORiaiO 
TANA8HI 
TCHCYO,  m 
lAPAN 

PHONE:  SI444SMS04 


KARABEKOV.IVANP. 

CEBAP 

12000  JEFFERSON  AVE  N. 

NEWPORT  NEWS,  VA  23606 
PHONE:  S04-29»«247 

KAULIEfPS. 

SURA/CEBAF 
12000  JEFFERSON  AVE 
NEWPORT  NEWS,  VA  23602 
PHONE: 

KATILRVUKOU 

TOH(»CU  UN1VER9TY  LAR 

1>2>1  MIXAMINE,  TAIHAKU-KU 

SENDAL  902 

JAPAN 

PHCWE:  812224-52151 

KAT(LSK»E1 

LABORATORY  OF  NUCLEAR  STUDIES 

FACULTY  OFSCL  OSAKA  UNIV 

TOYONAKA 

OSAKA,  560 

JAPAN 

PIKJNE:  06B441.151 

KATSOULEARTOM 

use 

use  EE/EP  DEFT 
LOSANOELBS,CA  900892487 
PHONE:  213-7400194 

KAUGERTS,  JURIS  R 
SR.  STAFF  PHYSiaSr 
DOE 
BB-142 

WASHINCrrON,  DC  2QS8S 


KEANE,  JOHN 

BROOKHAVEN  NATIONAL  LABCMtATCHCY 
BLD072SC 

NATL  SYNCHROTRON  LKHTT  SOURCE 
UPTXXiNY  11973 
PIKWOB:  516282-4724 

KEHNE,  DAVID  M. 

CBBAF 

12000  JEFFERSCM4  AVa 
NEWPORT  NEWS,  VA  23606 
PHONE:  8042494857 

CERN 

OENEVB2L  CH-1211 
SWITZERLAND 

KELLER  R(N»RiCK 
LAWRENCE  BERKELEY  LABORATORY 
1  CYCLOTRCm  RD  BLDO  80/101 
I^RKELEY.CA  94720 
PHONE:  5104865223 

KENNf3nr,KUKrR 

LAWRENCE  BERKELEY  LABORATORY 
1  CYCLOnum  RD  BLIX}46/161 
raRKELEY,CA  94720 
PHONE:  510486-7238 

KENNEDY,  WILLIAM  L. 

AROONNE  NATICmAL  LAB 
5112  CENTER  AVE 
imE,IL  60532 
mONE:  7082525161 

KERSBVARRMERIO 

SSCL 


2550  BBCKLEYMBADB  AVE 
DALLAS,  TX  75237 
PHONE:  214-7084581 


KBMJCI^  QMkMM  ti 
ODittajuiMivBiiamr 
liVL9QiMIIOOU.SElBBr 
IlHACA.Ny  MB90 
fHONB:  iBVaSS4SS2 

OBAP 

UOOOJmCItSONAVB 
HnmHerNBWS,VA  2306 
niora:  oioo-ios 

nH^CHAKLCSH. 

LAWMMCE  BBMCBLSY  LABORATORY 
ICYCLOriRlWRD. 

MSO-im 

■aacBLsy^GA  M1M 
niONB:  SIMH-12tt 

Klli;jDf«K> 

LAWRENCE  BBRBBUBY  LAB(»ATORV 
3146BUNCIIBAVB 

SANNBoacA  nm 

PHONE:  6»t4S»6607 

KMiJONAIlUNMS. 

IMVBRSnY  OP  VKTCHaA 
DEPT  (Hf  BCE 
POBOX3QU 
VlCrORIA,BC  VSW4P6 
CANADA 

PWHB:  606-721400 

KIIf.nXMAN 

ARCONNB  NATIONAL  LABORATORY 
OOO&CASSAVE. 

APS46I 

AR0(BmE,D.  60639 
PH(M«S;  700432037 

KDi,KIKUiG4B 
UWRENCB  BERKOEY  LAa 
MS-71-29 
ICYCLOrrRON 
BBRXBLEY.CA  96720 
PHWiE  510-606-7236 

HfcMBLHOWC 
iUtia«6NB  NAUCmAL  LAB. 

APB363 

tWO&CASAVE 
ABfXHBl^a  60639 
PHONR  70I4S24736 


KIMURA,WAVNBa 

VICB  PRESlOBNr  OP  RESEARCH 

SnCffTRONKS 

2733  NORTHRUP  WAY 

BELLEVUE.  WA  96006 

PHCWB:  20M220660 

KlMURA,V06HmKA 

KBK,NLHBP 

KEIC,AGCDIV^OiiO 

TSXUBAOII 

mARAKL  303 

JAPAN 

PHONE:  29005401 

KnBV.BMSRra 

STANFORD  UI<ffiAR  ACCELERATOR 
MS  76 

PO  BOX  4369 
STANFORD.  CA  96309 
mONE:  4154304795 

KIBCH(»SSNER,  JOOCPH  L. 

CORNELL  UNIVBRSmr 
124  NEWMAN  LAB 
IIHACA.NY  14830 
mONE:  6074724951 

KOOLBABCNDa 

BROORHAVEN  NATIONAL  LABORATORY 
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MBLIN,  GERARD  M. 

CBA4XNO 

DRFMO/PSl 

8SX 

(HtENOBUB,  38041 
PRANCE 

PHCmK  33-11HR4499 


MBLU]Tr,R(»BRra 
KNIGHT  ADV  TECH  PAOUTBS  GRP 
949  W  RANDOLPH  ST 
OflCAGO.lL  60661 
mONK  318346-2300 

MENG,WUZHENG 
BROOKHAVEN  NATIONAL  LAB 
BLD0.911B 
UPTON.  NY  11973 
PHONK  916-2824121 

MBNOWN,HUGH 

EBV 

106  WATERHOU9S  LANE 
CHELMSFORD 
ESSEX,  CM12QU 
ENGLAND 

mONK  44245443493 

MERM1NGA,UA 

CEBAF 

12000  JEFFERSON  AVK 
NEWPORT  NEWS,  VA  23606 
mONK  804-2494281 

MBSTHA,UK. 

SSC LABORATORY 
2950  BBCKLEYMEADE  AVE 
DALLAS,  TIC  19104 
PHONK  214-708-3418 

METZLERiJOHNE. 

US  DEPT  OP  ENERGY 

1000  INDEPENDENCE  AVE  SW 

ER-9111 

WASHINGTON,  DC  20S8S 
PHONK  202586-7112 

MEUIU,  HERMANN 
RE^RCH  CENTER,  JUUCH,  DCP 
PO  BOX  1913 
D-S170JUEUCH, 

GERMANY 

PHONK  492-461414739 

MEYER,  DAVID 
SSCL 

2550  BECKLEYMEADE  AVE 
MS  4005 

DALLAS,  TX  75237 
PHONK  214-7085614 


MICHlNKANlHtEIV. 

SCHOPraBRG  RAlHATICm  CORF. 
SANTA  CLARA,  CA  95054 
PHONK  4089889729 

MUNMULOOP,  WILLEM  C 
CERN 

PE  DIVISION 
CH-1211  GENEVA,  23 
SRTTZERLAND 
PHONK  227478488 

MIBRnnOVA,  MNKA 

SINCROTROPS  TRIESIE  SJ> jA. 

PADR1CIAN099 

TRIBSIE,  34012 

ITALY 

PHONK  40-3194592 

MILAM,  JAMES  E. 
cm,  INC 

810  INNOVATION  DR 
KNOXVILLE  IN  37932 
PHONE.  615-966-7S39 

MILLER  ROGERK 
SLACMS26 
P.O.  BOX  4349 
STAT^FORD,  CA  94309 
PHONK  41942644S7 

MILLS,  FRED 

ARCjONNE  NATIONAL  LABORATORY 
9700  S.  CASS  AVK 
ARGONNKIL  60439 
PHONK  7082S86QS7 

MILLS,  MARK  R. 

SSCL 

2550  BECKLEYMEADE  AVE 
MS  4005 

DALLAS,  TX  7S237 
PHONK  214-7083413 

MINESTRINL  marina 
INFN 

FRASCATI  ROME  00044 
ITALY 

PHONK  3989483336 


MmmCHlBD 

STAITOltD  UmMU  AOCELBRATOR 
MBK 

PX».BC»C4M9 
MBN1X>PARK,CA  94IBS 
PIKmB:  41S4aM«90 

FBRMILAB 
POBOXSOO^MSSB 
BATAV1A.il  MSIO 
PHONE:  XMWMOM 

imcHEUGABnrK. 

AEO.  RESEARCH 
TASOCSrR.4SA 
CHALKR1VER.ON  ROS-UO 
CANADA 

PHCWE:  61S3RI4311 

lllTRA,AMnAK. 

TRIUMP 

4QM  WESBROOK  MALL 
VANCOUVER.  BC  VnV2A3 
CANADA 

PHONE:  60442M047 

MTORAATSUan 

ORADUAIE  UNIV  FOR  ADVANCED  STD 

1-1  OHO 

TSUBUKA 

mARAKL  305 

JAPAN 

PHONE:  02M64-1171 

MIinU,IWAO 

OSAKA  UNIVERSnY 

RES  CENIER  FOR  NUCLEAR  PHYSICS 

10-lMIHOaA(HCA 

OSAKA,  mORAKL  S67 

JAPAN 

PHONE:  06S-775-111 

MOATS,  ANNE  R. 

SANDIA  NATIONAL  LABORATORIES 
DEFT  137LPO  BOX  S800 
ALBUQUERQUE,  NM  87185 
PIKWE:  505-845-7293 

MOttLEY,  RICHARD  M 
40  UPPER  RIVER  RD 
IPSWICH,  MA  01938 
PHONE-  5Q8-3SM349 


MOMOB,  TONAS  HARALD 
SCANDITRONDCAB 
HUSBVnjRO 
UPPSALA,  75229 
SWEIWN 

PHONE  461-8184788 

MOPEAT,  DAVID  L. 

CORNELL  UNIVERSITY 
NEWMAN  LAB 
1THACA,NY  14850 
PHCME  607-272-4951 

MOKHlARANI,ABKAR 

FERMI  NATIONAL  AOXLERATOR  LAB 

PO  BOX  300  MS  316 

BATAVIA,  IL  60510 

PHONE  7D8840«00 

MOLLBR,S(HffiNP. 

ISA,  ARHUS  UNIVERSITY 
lMC-8000  ARHUS  Q 
DENMARK 

PHONE  861-28849 

MCMWELU,  ALFRED  A. 

SAIC 

ITIOGOODRIDOEDR 
MCLEAN,VA  22102 
PHONE  703-734-4066 

MONTH,  MELVIN 
BROOKHAVEN  NATIONAL  LAE 
BLDG.  902 
UPTON,  NY  11973 
PHONE  516-282-7156 

MONTJAR,  BONNIE  a 

CEBAP 

MS8SA 

12000  JEFFERSON  AVE 
NEWPORT  NEWS,  VA  23606 
PHONE  804-249-7059 

MORCOMK,  PETER  E 
DUKE  UNIVERSITY  PEL  LAE 
BOX  90319 

DURHAM,  NC  277084319 
PHONE  919460-2661 


MCHtGAN,  DANIEL 
NATIONAL  RESEARCH  OOUPXSL 
BOARD  OF  niYSICS  *  ASnUXiOMY 
2101  CONSTITUTION  AVE 
WASH1NGTYN4,DC  20418 

MORI,  WARREN 

IX3A  DEPT  (»P  ELECT.  ENCHTffiBR 
56-125B  ENOR IV  BUBLDINO 
LOSAfK}ELES,CA  90QM 
PHONE  3104064039 

MCHEVDSHIHARU 

NLHEP 

NATL  LAB/HIGH  ENERGY  PHY  KEK 
ACCDEPT,  1-1,  OHO,T5UKUBA-SHI 
IBARAKI4CEN,  305 
JAPAN 

PHONE  812446-41171 

MORIN,  JR,  DOKOS  C 
622JAOOBSONAVB 
MAOISCm,WI  53714 
PHONE  6084414322 

MORRIS,  WnXIAM  A. 

SERC 

RUTHERFORD  APPLETON  LAE 
CHILTON 

DIDCOT,  OXllPQX 
UNITED  KINODOM 
mONE  028S8M900 

MIMTAZAVl,  PAYMAN 
BROOKHAVEN  NATIONAL  LAE 
725CNSLS 
UPTON,  NY  11973 
PHONE  516-2824743 

MOUAT,  MICHAEL  M. 

TRIUMP 

4004  WESBROOK  MALL 
VANCOUVER,  BC  V6T4A3 
CANADA 

PHONE  60442M047 

MVLLBLIHEIER 

GSI 

MULLER,  HENRY  J. 

CORNELL  UNIVmiSrTY 
NEWMAN  LAB 
ITHACA.  NY  14853 
PHONE  6074554702 
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IIKIX  OOTOr  IMNOUX^^  SQ 
♦MANi^WAiMiGllCU 
CHIBA,  ao 
JAMN 

mONEk  4S<49»«22 


NAIAMUIA,KmnAnA 
urav  OF  SOUTH  CAUPORNIA 
C\0  usmo  AMERICA.  INC 
aOMISVERMCMfrAVE 
TORRANCE.  CA  MSQ2 
PHONE:  3iad39i-7»n 


NBIBiBR.  DAVID  V. 

CHEAP 

U000JB>reR8ONAVB. 
NEWPCMer  NEWS,  VA  2)06 
PIKINE:  MM^MAaST) 


WBWllIRnMR.RAMnr 

MEHKmJOBNj:  NAMEUNGklim  SSCL 

aUMYATSTONYBROiNC  POHANOAGCELERATOll  LABORATORY  2SOBBCXLEYMEADBAVE 

BUiCIRICALBNQRQIWT  PO  BOX  US,  POSTECH  MS4(I01 

STONY mOOK, NY  llTMaaOD  PCBIANO.  790600  DALLAS. TX  75237-S946 

PHCXIE:  SlMaaSIU  KOREA  PHONE:  SU-mAOOS 


MIBRSIBPHBN 

CSRN 

SLNVISKW 
OimiCHBNBVA.  S 
SWriTERLAND 
PHONE:  OSa-767-306 

MVraLJOSDHC 

SSCMURA 

2SS0  KOCLEYMEADE  AVB 
MS:4(nO 

DALLAS,  TX  7S23M097 
PH(»<E:  214-7Q»S7» 

NADAL,  HELIOS 
CERCA 

ISMSTKaCNEYPTRD 
SARASOTA,  PL  34232 
PHCmS:  813An-42B  ' 

nadilamcw 

LURECNRS 

BAT309A 

CENTRE  WOV  PARISSUD 
n4QSORSAY,  CEDEX 
FRANCE 

PHONE:  644-6B246 

NAGAHSEV.SBROD 

nxT 

2401  MHO  B  SAMSCm  LANE 
mjOOMINaT(»4,lN  4N08 
PHCmE:  8USSS2919 

NAOCHAinmURLABHUlT 
DUKE  UNIVERSITY 
PELLASAELLBST 
mJRHAM,NC  277DD0S19 
PHONO  91M602647 


NANHSTA,  CHRISTOPBKR 
UCLA/SLAC 
BlNa6,SLAC 
PO  BOX  4349 
STANFORD,  CA  94a» 

PHONE:  41S.42M3Q2 

NAPCXY.OLIVIBR 

CEA/SACLEY 

OAPNIA\SBA 

91191  GIPSURrYVETIE 

OIP\YVBmS,  91191 

PRANCE 

PHONE:  331-690S8452 

NATION,  JOHN  A. 

CORNELL  UraVERSmr 
HVL  909  MITCHBLL  STREET 
nHACA,NY  148S0 
PHONE:  WI-25MSSI 

NAWROCKL  GREGORYL 
AROONNE  NATIONAL  LAB. 

BLDG.  362 
9700  &  CASS  AVE. 

ARGONNE,  IL  60439 
raONE:  70S-2S2-S891 

NAWROCKY,  RCNMAN  L 

BROOKHAVEN  NATIONAL  LABORATORY 

BLD072SB 

UPTON,  NY  11973 

PHONE:  516-2824449 

NE1L,CE(HIGER 

CEBAP 

12000  JEFFERSON  AVE 
MS12A 

NEWPORT  NEWS,  VA  23606 
PHONE-  804-349^7443 


NKWnRiaB,  BARRY  & 

UNIV  OTTEXA&MJSI1N 
IPS,  RLM 11218,  UT-AUSnN 
AUSnN,TX  787U-1060 
PHONE  512471-3726 

NEWLANIADBLIA 
SSC  LABORATORY 
12000  JEFFBRSCm  AVE 
fffiWPORTNEWS.VA  23606 
PHONE- 

NEWTON,  MARK  A. 

LAWRENCE  LIVERMORE  NATL  LAB 
PO  BOX  5508,  L440 
UVERMC^CA  94550 
PHCWE  510422-1861 

NG,K1NGY. 

FERMILAB 
POBOX50aMS345 
BATAVIA,  IL  60510 
PHONE  70fr«4O4597 

NGUYEN-TUmG,  VIET 
SURA/CEBAF 

12000  JEFFERSCm  AVE  MS^ 
NEWPORT  NEWS,  VA  23606 
PH<mE-  804-249-2673 

NICBOLLRGHBERTU 

ARGONNE  NATIONAL  LABORATORY 

EP  BUILDING  207 

9700  S.  CASS  AVE 

ARGONNE  n.  60439 

mONE  708-252-4956 
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nOMI  KMIWAL  ACXB£KA10R  LAB 

rOBOKSBR 

MSSM 

BAXAWA.1L  MnO 
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NlNAl^UnKMBt. 

C8BAP 
MS  ISA 

lanuBRotsoNAyB 

NBMVORrNBWSkVA  2MW 
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NlSBlMinM,HlBOai 
LAWRENCE  BERKELEY  LABORATORY 
1  CYCLOTRON  RD,  BLDO  80>t(M 
BERKELEY.  CA  MTU 
PH(WE:  Sl(M8fr5»3 

NCAB%JERRrA 
AROONNE  NAIKMAL  LAB 
SnOSCASSAVE 
ARGONm,lL 
nKME;  •  • 

NCHJEBR.  KAREN  & 

CEBAF 

MS8SA 

12000 JEiTERSCmAVE 
NBWPORTNEWRVA  2M06 
PHONE:  804449L.7SM 

NOC»IEN,lAC(» 
ranffiF 
PO  BOX  41182 
lOOOCffiAMSIBRDAM, 

NETHERLANDS 
PHONE:  020S9^2097 

N(»DBr,  MARTIN  E. 

STANFORD  LINEAR  ACCELERATOR 
MS21,F.0.B0X4349 
STANFORD,  CA  94309 
PHCWK  415426^15 

WNtIMi  JAMES  H. 

ARCKBINE  NATIONAL  LAB 
920OSCASSAVB 
nD03M/HEP 
ARGCN«)E,IL  00439 
PHCmE:  XIUS2454R 


NOaOCHKOV.YURl  M. 

SSO, 

MS  4011 2SS0  BBCKLEYMEAra  AVE. 
DALLAS,  TX  7S237 
PHONE:  SM-MMMT 

NUBDiOViCH,  CaODOORT  R 
UNIVBRSnY  OP  MARYLAND 
LPIL,  UNIVERSnY  OPMARYLAra) 
COLLEGE  PARK,  MD  20342 
PHONE:  301-40S4917 

OCONNELL,  JAMES  & 

BAH 

172S  JEFFERSON  DAVIS  HWY 
ARLINaTON,VA  22202 
PHONE:  70341^7416 

ODAY,  STEPHEN  C 
PBRMILAB 
PO  BOX  500 
MS  341 

BATAV1A.il  6QS10 
PHONE'  70844(MS27 

VSHEA,  PATRICK 

LOS  ALAMOS  NAIKWAL  LAB 

MSH82S 

LOSALAMOS,NM  87545 
PHONE-  505467-1586 

OCHSNEV,  JAMES  P. 

DUPONT 

P30-2172,  BAVLEY  MDXnAZA 
WILIMINGTON.de  198804(00 
PHCmE  3024938388 

<N>ERA,MASATO«l 

SUMlT(»fO  HEAVY  INDUSTRIES  LTD. 

28-15,  YUTBNJL  MEGUROKU 

TOKYO.  153 

JAPAN 

PHONE  033-713-1504 

OErnCER,UWE 
DIPLOMAR  PHYSICIST 
CERN 

1211  GENEVA.  23 
SWITZERLAND 


OGATA,  ATBUBHI 

KEK 

(XiOl-l 

TSUKUBA 

IBARAKL  305 

JAPAN 

PHONE  298443255 

OGAWA,YU]lRO 

KEK 

NATL  LAB  FOR  HIGH  ENERGY  PHY 

TSUKUBA 

mARAKL  305 

JAPAN 

PHONE  298441-5691 

OH,SAEWO(M4G 
POSTBCH 
PO  BOX  125 
POHANO.  790600 
KOREA 

PHONE  562-792464 

(MBAWA,SAT08BI 

KEK 

NATL  LAB  FOR  HIGH  ENOtGY  PHY 
OHO  1-1  .T5UKUBA4HI 
IBARAKL  305 
JAPAN 

PHONE  298441-5692 

mCAMOnLHOKHMI 

UNIVERSITY  OF  MARYLAra> 

ACCELERATOR  LAE  INST  CHEM  RES 

OOKANOSHO,Un 

KYOTO,  611 

JAPAN 

PHONE  301-4054057 

okeyasunari 

KAWASAKI  HEAVY  INDUSIRIES,  LTD 

1-16-10  AMAKUBO 

TUKUBA 

raARAKL  305 

JAPAN 

PHONE  812485-28004 

OUVIEE  MICHEL  M. 

CEA. 

Dai/DIR 
CESACLAY 
91191  onvYVBriE 
PRANCE 

PHONE  331-69049231 


pm. 

pnmmPptPma 
mom  «Mo*4m 

liMxxaiAvm  NAiKmALiAa 
mukOLDQ.'mc 
linON.NY  119B 
Plioie:  SIMU-TW 

OMBKHDODOh  UOMID  M. 

IWir  IHSr  P(»  NUCLEAR  RBS 

MCMOOWnORM 

M19BQDUBKA. 

RUSSIA 

niONE  0SM!16^2S1 

OOlSOUDi;  MKBABL  A. 

LOS  ALAMOS  NAinmAL  LAB. 
POBOXUMMSHm 
LOSALAMORNM  SSMS 
PHCWB:  S0S4SM3S4 

OROLWILL 

CBBAP 

IRKnJEFFERSQNAVB 
mWFOKTNBIVRVA  23806 

more 

ORUW.YUUP. 

OORl«LL  irniVERSTTY 
ISIBESEMBRIBLLRD 
nHACA.NV  14830 
FHONB:  «07<27»SSO 

otm^AiANi 

TRIUMP 

4004  WESBROCMC  MALL 
VANO(HJVBR,BC  V8T-2A3 
CANADA 

PHONE  604-222-1047 

0WIMA1M,MASAYUKI 
LABdPNUCLSCLTCmOKU  UNIV 
1-3-1  l«aKAMINB.TAIIlAKU«U 
SDIDAL  982 
IMRAN 

FHONE  81.32-34S21S1 


MBAMaii;HAa4N& 
ooiwBLLUNivEitsrry 
NBWMANLAB 
I1HACA.NY  148» 

PHOra:  «07-af»40Sl 

fALROVIC,JOBNA. 

URA/SSCL 

2330  BEOCLEVMBADB  AVB 
MS 3000 

DALLAS,  TX  73237 
niONB:  2144384003 

BUfGiPING 
DUXEUNIVBRSnY 
SCHURCHWEILCr 
DURHAM.  NC  27713 
niONB:  919460-3669 

PAmLVAOca 

TEXAS  A  A  M  UNIVERSITY 
1MSFT.OFPHYSK5 
TEXAS  A  A  M IMVERSTY 
OOLLB(mSTAn(»l,TX  7SM34242 
PHONE  40MMS4490 

PANmiR  rkardo  a 

FREE  BLECntCW  LASER  LAB4>UKB 

POBOXeSlO 

DURHAM,  NC  277084319 

PHONE  9194«>-3648 

PAMSa,ALEXANl»RL 
INSTTrUTE  FOR  NUCLEAR  RE& 
232028  PR  NAUKL  47 
INR  OF  UKR  ACADEMY 
KIEV, 

UKRAINE 

PHONE.  044-263-1465 

PAPPAR  CHRIS 
URA/SSC 

2SSOBECXLEYMEAOEAVE 
MS  4004 

DALLARTX  73237 
PHONE  214-708-3334 

PARDa  RICHARD  C 
AMKmNE  NATIONAL  LAB 
BLDO  203,  ROOM  P-1S3 
ARGONNEIL  60439 
PHONE  708-232-4029 


MRS,GlffMn 
NAVAL  RESEARCH  LAB 
4533  OVERLOOK  AVB  SW 
WASHINanNLDC  20375 
PHONE  302-767-3036 

PARRSAWayUN 

PORP 

UCLA 

DEPT  CH»  PHYSICS 
LOSANOELERCA  90024-1547 
PHONE  3102064540 

PARKiRnurrTL. 

SSCL 

2550  BECKLEYMEAia  AVE 
MS-1040 

DALLARTX  73237 
PHONE  214-7005501 

nURKHOAiCHUK,  VASOY  V. 

SSCL 

2330  BBCKLEYMEADB  AVB,  S  500 
DALLARTX  73237 
PHONE  214-7084867 

PARRY,  RICHARD  a 

SSCL 

2S0BBGXLEYMEAia 
DALLARTX  73237 
nKmE  214-7002867 

PARSA,Z(»REH 

BROOKHAVEN  NATIONAL  LAB 

BLOO901A 

PHYSICS  DEFT 

UPTON,  NY  11973 

niONE  516282-2085 

PASOm,  CRISTINA 
SINCROTRCmE  TRIESTE 
PADRICIAN099 
TRIESTE,  34012 
ITALY 

PHONE  40-3752576 

PASOUR,JOHNA. 

MISSKm  RESEARCH  OORPORAIKW 
SSOOONDERBEDRD 
NEWINGTON,  VA  22122 
niONE  7032306500 
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PBMffiAB 

VOKHCSn 

MBM 

BA1AV1A.B,  MOO 
MOMS;  m*»4m 

ftaaaoK,i>MJM 

lAWMBNCBBBlKBLnr  LABCMATORY 
1 CVCLOTRON  HD  BIJDO  4f/lCl 
BBRHBLEY.CA  MHO 
moDK  suMOMin 

MinsoN.jyiisM. 

SrANlk>lU>  LMBAR  AOCELERATBR 
r.O.B(»C434»  MSM 
SIMNPC»D,CA  M309 
ni(»l&  4lS«K4i9«3 

MUUMMOLYN 

nOtMlLAB 

l!lUIUON,C4ILC 
aia)M»«AN  OORKNRAIION 
4  DaMBPBNMDNCB  WAY 
nUNCBlXW^NI  (MS404U» 

PHONB;  flO»430-t8Q2 

MIHUBN^ANUSCHK* 
rasY.HAMKnto 
NOrnOBStllB 
aOOOlUMBURO.  52 
CTRMANY 

nmtO:  04M9MZ156 

lAYNHANraONTri 

UNL 

FO  BOX  SSOl;  1/440 
LIVERM>lffi,CA  MSSO 
PHCWffi:  S1042MK41 

PAina;joHN 

VKA/SSC 

2S»BBCKLEyiiBAI»AVB 
MS 400* 

DALLAS,  TX  75237 
PIKme;  214.7I»33» 

raoGHsnraBNa 
BROOKHAVEN  NAHONAL  LAH 
BLDaiOQSS 
UPTOHNY  1»73 

mam  simomh 


flLALB 

BBOQKHAVBN  RATIONAL  LAB 
MJILOlNOnU 
UPrOHNY  1197} 

PHONE:  SIMC-TSM 

PBLYUANJI 

NSBL 

NATIONAL  SYNCHROTHCMl  RADIATICm 
UMV.  OFSa  ATECH.  QPOMINA 
HEPBIANHUL  230029 
P.R.  CHINA 

PHONE:  QSS-130>3011 

PEINIC»|,MICBABI. 

SIEMENS  AO 

PIUEDRICH-EBERT-STRABB 
BERO.  OLADBACH,  50G0 
GERMANY 

PHONE:  49M0«A«3fiX 

PILLBCRINL  CLAUDIO 
UCLA 

4Q5H11jQARDAVB 

LOS  ANGELES,  CA  90024-1547 

PHONE:  31O-206-1O77 

PEILEGRDKL  LUIGI 
ININ 

INFN-VIAEFERML40 
FRASCATI  (RKMtfA),  00044 
nALY 

PHONE:  011-39049403510 

FENNER,  SAMUEL 
10500  PINE  HAVEN  TERRACE 
ROCKVILLE,MD  20852 
PHONE:  301-468-1210 

PEOPLES,  JOHN 

fermhab 

POBOXSOO 
BATAVIA.  IL  60510 
PHONE:  7QM40-3211 

PERBLSriElN,  ELKUNO  A. 

JOINT  INST  FOR  NUCLEAR  RES 
MOSCOW  REGION 
141980  DUBNA, 

RUSSIA 

PHONE:  095426-2251 


PIRKINHCHARUBIW. 

STANFORD  UNBAR  AOCBLBRATXMt 

2375  SAM)  HEX  ROAD 

MS21 

IffiNLOPARRCA  94025 
PHONE:  4154262970 

PERn;jOHNE. 

CEBAP 

12000 .RBITBRSONAVE 
NEWPORT  hSWS,VA  23606 
PHONE:  804449^7349 

PRTERRIBBALDX 
US  DEPT.  OP  ENERGY 
DIV.  WHKHI  ENERGY  PHYS 
ER234GTN 

WASIflNGTON.DC  20385 
PHONE:  301-9034228 

PETRR8(M,IVARS 
SOBNCBNEWS 
1719RSr.NW 
WASHlNOrTON.  DC  20036 
PHONE:  203-785-2255 

PEIIUAJOHNX 

SAIC 

ITlOOOODRflXJEDR. 

MCLEAN, VA  22102 
PHOIflL-  7D3SS6-7146 

PEirrgEAN  CTNA2;  CHRISnNE 
C»1N 

12000  JEFPERSONAVB 
NEWPORT  NEWS,  VA  23606 
PHONE: 

PFUTZNOL  HARMJI  a 
EMR  PHOTOELECTRIC 
POTOX44 

PRINCETON,  NI  08542 

PHILLIPS,KL. 

CEBAP 

12000  JEFFERSON  AVE. 

NEWPORT  NEWS,  VA  23606 
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